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Sir: 



APPEAL BRIEF 



In regard to the referenced application, Appellant submits this Appeal Brief. 

I. REAL PARTY IN INTEREST 

The real party in interest is Gilead Sciences, Inc. The right of Gilead Sciences, Inc. to 
take action in the subject application was established by virtue of the following chain of title: 

1. An assignment from the inventors to Gilead Sciences, Inc. is recorded at Reel 
013120, Frame 0536. 

II. RELATED APPEALS AND INTERFERENCES 

The undersigned legal representative of Appellant hereby confirms that there are no 
known appeals or interferences relating to the present application, or any parent application, 
which will directly affect or be directly affected by or have a bearing on the Board's decision in 
the pending appeal. 
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III. STATUS OF THE CLAIMS 

Claims 33 and 44-58 are pending in the application. Claims 1-32 and 34-43 have been 
cancelled. No claims have been allowed. Claims 33 and 44-58 stand rejected under a final 
Office Action mailed September 7, 2004. The rejection of each of claims 33 and 44-58 is being 
appealed. 

IV. STATUS OF THE AMENDMENTS 

In response to the Office Action of January 30, 2004, an amendment was filed on June 1, 
2004. The claims set forth in section VIII reflect the claims pending as of the entry of the 
amendment of June 1, 2004. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

Claim 33 is drawn to a method for detecting the presence of a disease in a biological 
tissue, wherein the disease is characterized by the expression of tenascin-C in said tissue and 
wherein the disease is selected from the group consisting of cancer, psoriasis, and 
atherosclerosis. The method is comprised of attaching a marker that can be used in in vivo 
diagnostics to a tenascin-C nucleic acid ligand to form a marker-nucleic acid ligand complex; 
exposing the biological tissue which may contain the disease to the marker-nucleic acid ligand 
complex; and detecting the presence of the disease in the tissue by detecting the presence of the 
marker-nucleic acid ligand in the tissue. (Specification, page 7, lines 12-26). 

Claims 44 and 56-58 further define the method of claim 33. Claim 44 is drawn to the 
method of claim 33 wherein the marker is selected from a radionuclide, fluorophore, magnetic 
compound or biotin (Specification, page 9, lines 26-32, page 14, lines 29-30). Claim 56 is drawn 
to method of claim 33 further comprising attaching a therapeutic or diagnostic agent to the 
complex (Specification, page 15, lines 13-19 and page 14, lines 21-27). Claim 57 is drawn to the 
method of claim 33 wherein the disease is cancer (Specification, page 14, line 32) and claim 58 
is drawn to the method claim 33 wherein the tenascin-C nucleic acid ligand is identified using 
the SELEX method (Specification, page 14, lines 12-14). 



2 



Claim 45 further defines claim 44. Claim 45 is directed to the method of claim 44 
wherein the radionuclide is selected from technetium-99m (Tc-99m), Re- 188, Cu-64, Cu-67, F- 
18, 125 1, 131 1, 11 'in, 32 P or ,86 Re (Specification, page 9, lines 29-30) and claim 46 is directed to the 
method of claim 45 wherein the marker is technetium-99m (Specification, page 14, lines 28-29). 
Claim 47 is drawn to the method of claim 46 wherein the tenascin-C nucleic acid ligand 
comprises a linker (Specification, page 15, lines 6-7). Claims 48-50 further define claim 47. 
Claim 48 is drawn to the method of claim 47 wherein said linker is (CH 2 CH 2 0) 6 (Specification, 
page 10, lines 1-6 and Figure 2), claim 49 is drawn to the method of claim 47 wherein the linker 
is NH 2 (CH 2 )60P03 (Specification, page 10, lines 1-6, and Figure 2) and claim 50 is drawn to the 
method of 47 wherein the tenascin-C nucleic acid ligand is selected from the group consisting of 
SEQ ID NOS: 4-65 (Specification, Tables 3 and 4, pages 27-29). 

Claim 51 is drawn to the method of claim 50 wherein said tenascin-C nucleic acid ligand 
is 5 , -B-G667667CG-(CH 2 CH 2 0)6-CGUCGCCGU77U667U6UUUU6CUCCCU65, wherein all 
pyrimidines are T F; 6 is 2'OMe G; 7 is 2' OMe A; 5 is 3-3' dT and B is a linker. (Specification, 
page 22, lines 6-1 1). Claim 52 is drawn to the method of claim 51 wherein said technetium-99m 
is associated with a chelator (Specification, page 22, lines 22-24). Claim 53 is drawn to the 
method of claim 52, wherein the complex is: 



B-G667667CG-(CH2CH20)6-CGUCGCCGU77U667U6UUUU6CUCCCU65 

(Specification, page 22, lines 22-24) and claim 54 is drawn to the method of claim 53 
wherein the complex is 
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a 

o4-OG667667CG-(CH2CH20)6-CGUCGCCGU77U667U6UUUU6CUCCCU65 



O 



! 



Hexylamine linker 



(Figure 10). 



VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 



Claims 33 and 44-58 stand rejected under 35 U.S.C. § 1 12, first paragraph, as containing 
subject matter which was not described in the specification in such a way as to enable one skilled 
in the art to which it pertains, or with which it is most nearly connected, to make and/or use the 
invention. 



The first paragraph of Section 1 12 requires that a patent application be written so as to 
"enable any person skilled in the art to which it pertains ... to make and use the same." A 
specification is presumed to be enabling absent "a reason to doubt the objective truth of the 
statements contained therein." In reMarzocchi, 169 U.S.P.Q. 367, 369 (C.C.P.A 1971). A 
specification "may be enabling even though some experimentation is necessary," United States v. 
Teletronics, Inc., 857 F.2d 778 (Fed. Cir. 1988), so long as the amount of experimentaticm 
required is not "undue experimentation." In re Wands, 858 F.2d 731, 737 (Fed. Cir. 1988). The 
test is whether the specification "provides a reasonable amount of guidance with respect to the 
direction in which the experimentation should proceed." Id., 858 F.2d at 737. The fact that 
experimentation may be complex does not necessarily make it undue, if the art typically engages 
in such experimentation. Id. The Wands court set forth a number of non-exclusive factors, 



VII. ARGUMENT 



A. The Rejection of claims 33 and 44-58 under 35 U.S.C. § 1 12. first paragraph 



1. Statement of the Relevant Law Pertaining to 35 U.S.C. § 112, first 
paragraph rejections. 
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which a court may consider in determining whether a disclosure would require undue 
experimentation. These factors were set forth as follows: 

(1) the quantity of experimentation necessary, 

(2) the amount of direction or guidance presented, 

(3) the presence or absence of working examples, 

(4) the nature of the invention, 

(5) the state of the prior art, 

(6) the relative skill of those in the art, 

(7) the predictability or unpredictability of the art, and 

(8) the breadth of the claims. 

Id. 

2. The Rejection of Claims 2-7 under 35 U.S.C. § 112, first paragraph is 
improper. 

Claims 33 and 44-58 have been rejected under 35 U.S.C. § 1 12, first paragraph for failure 
to comply with the enablement requirement. Specifically, the Examiner has stated that the 
specification does not enable one skilled in the art to which it pertains to make or use the 
invention commensurate with the scope of the claims. In support of this rejection the Examiner 
analyzes the claims in light of the factors set forth by the court in In re Wands. 

Breadth of the Claims 

With respect to the breadth of the claims, the Examiner finds that the specification teaches 
that tenascin-C is expressed in a variety of non-diseased tissues. In support of this statement, the 
Examiner refers to Figure 7 of the instant specification and states that this figure illustrates 
tenascin-C expression in liver, lung, spleen, intestine, and kidney. The Examiner further finds 
that the specification teaches only the detection of three specific xenografted tumor cell lines in 
mice with a single tenascin-C nucleic acid ligand, whereas the claims are broadly drawn to 
detecting cancer. In light of these teachings, the Examiner finds that the claims are unduly 
broad. 

Applicant first notes that courts have determined that the scope of enablement must only 
bear a "reasonable correlation" to the scope of the claims. In re Fisher, All F.2d 833, 839, 166 
U.S.P.Q. 18, 24 (C.C.P.A. 1970). 
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Applicants respectfully disagree with the assertion that the specification teaches the 
expression of tenascin-C in non-diseased tissues. At that the time of filing the application, it was 
well known in the art that tenascin-C is expressed during embryogenesis. In adults, it expressed 
during wound healing, neoplasia, hyperproliferative skin disorders (such as psoriasis) and in 
atherosclerosis. See page 1, lines 17-32 where there is an extensive discussion of the prior art 
teaching that tenascin-C is expressed exclusively in such diseased tissue. In the case of tumors, 
tenascin-C expression is predictive of local tumor recurrence and is correlated with invasiveness 
and distant metastasis. See for example, Jahkola et al. 9 Eur. J. Cancer 34:1687-1692 (1998); 
Ishiharae^/,C/m. CancerRes. 1:1035-1041 (1995); Jahkola et al„ Br. J. Cancer 78:1507-1513 
(1998). 

Figure 7, contrary to the Examiner's assertion, does not teach otherwise. Figure 7 
illustrates the biodistribution of lu In-DOTA or lll In-DTPA radiolabeled tenascin-C aptamer. 
DOTA and DPTA are the chelators used to conjugate the lll In radiolabel to the aptamer. It can 
be seen in Figure 7 that lu In label is observed in liver, spleen, and kidney. It was well known in 
the art at the time the instant application was filed that the chelating agent used in the preparation 
of radiopharmaceuticals can affect the biodistribution of the radiopharmaceutical in a living 
animal. For example, different chelators can cause the non-specific uptake of 
radiopharmaceuticals to the kidneys, intestine, hepatobiliary system and lungs, even when the 
radiopharmaceutical comprises a specific targeting agent-such as a monoclonal antibody or 
aptamer-that would not be expected to bind in those regions. Such distributions are well known 
in the art as the inevitable consequence of administering an agent to living, metabolizing 
organism with a circulatory system. One skilled in the art realizes that after waiting an 
appropriate period to allow this normal tissue clearance of radioactivity to occur, the patient may 
then be imaged, and tumors are identified by defining regions of the body with increased tracer 
uptake. See, for example, Bast et al, Cancer Medicine, 5th Edition, § 16, Part 65 (2000) 
(available online at « http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Books» ) where the 
authors state: 

In radioimmunoscintography, a tumor-specific antibody is labeled 
with a radionuclide that can be visualized outside the body by 
nuclear medicine imaging methods. After waiting an appropriate 
period for normal tissue clearance of radioactivity to occur, the 
patient is imaged, and tumors are identified by defining regions of 
the body with increased tracer uptake. . . . 
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See also Hjelstuen, Analyst. 120: 863-866 (1995). Indeed, the instant specification 
teaches at page 23, lines 29-32: 

Tc-99m radioactivity also appears in other tissues, notably the 
small and large intestines. The hepatobiliary clearance pattern 
seen here can be readily altered by one skilled in the art, for 
example by altering the hydrophilicity of the Tc-99m chelator, 
changing the chelator, or changing the radiometal/chelator pair 
together. 

Similarly, at page 25, lines 23-29 (referring to Figure 7): 

This experiment indicates that the chemical properties of the 
chelator have a large effect on the distribution of the radiolabel of 
TTA1/GS7641 within a living animal. Biodistribution patterns 
that are different from Hil5-TTAl/GS7641 may be useful for 
targeting tumors under certain conditions where hepatobiliary 
clearance is undesired. Such conditions include, but are not 
limited to radiotherapy applications as well as imaging of the 
intestines, prostate and other abdominal regions. 

Thus, one skilled in the art at the time the application was filed would appreciate that the 
presence of the radiolabel in the normal tissues mentioned by the examiner does not indicate that 
those tissues express tenascin-C. Moreover, one skilled in the art, guided both by the prior art at 
the time of filing and the specific teachings of the instant specification quoted above, would be 
able to discriminate between tumor specific expression of tenascin-C and the non-specific 
presence of the label in certain tissues as a result of hepatobiliary clearance. For example, see 
Figure 3 of the instant specification where tumors are clearly visible despite the additional 
radioactivity in the gastrointestinal tract. Finally, the specification teaches that one may alter a 
hepatobiliary clearance pattern by altering the hydrophilicity of the chelator, changing the 
chelator, or changing the radiometal/chelator pair together. For example, the specification 
teaches that if one wants to perform abdominal imaging, then one selects a chelator that has a 
relatively low level of hepatobiliary clearance. See page 25, lines 23-39. 

Turning now to the Examiner's finding that the specification teaches only detection of a 
few types of cancer using a single tenascin-C nucleic acid ligand whereas the claims are drawn 
broadly to the detection of cancer. Applicant respectfully submits that there is a reasonable 
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correlation between the scope of the claims and the enabling disclosure of the specification. 
Applicants have provided examples of the detection of widely varied types of human tumors 
xenografted into mice including (with reference to the cell types listed in Figure 6): 



neural tumors 


U87 glioblastoma-astrocytoma 
U251 glioma 


breast tumors 


MDA-MB-468 poorly metastatic breast cancer 
MDA-MB-435 highly metastatic breast cancer 


colorectal tumors 


SW620 colonic carcinoma 


soft tissue sarcoma 


A673 rhabdomyosarcoma 



The prior art is replete with descriptions of the utility of the mouse xenograft model in the 
development of methods for the detection and treatment of human tumors, indicating that the 
mouse xenograft model is recognized in the art as an in vivo model that correlates well with 
human tumors. For example, see Rofstad & Lyng, MolMed Today. 2:394-403 (1996) (xenograft 
model systems for human melanoma); Clarke, Breast Cancer Res Treat. 39:69-86 (1996) 
(xenograft model systems for breast cancer ); Thompson et al. 9 Biochim Biophys Acta. 1400 (1- 
3):301-19 (1998) (describing success of mouse xenograft model system in developing cancer 
therapeutics). In Bast et al., Cancer Medicine, 5th Edition, § 13, Part 42 (2000), the authors 
state: 

The success of human tumor xenografting into the nude 
mice and the ability to maintain the histologic and biologic identity 
of tumors through successive passages in vivo revolutionized many 
aspects of cancer research, including drug development. 
Transplantation of tumor cell lines into nude mice can be 
accomplished via multiple routes: subcutaneous, intraperitoneal, 
intravenous, intracranial, intrasplenic, renal subcapsular, or 
through a new orthotopic model by site-specific organ inoculation. 
Each site has specific advantages and limitations. 

Despite these changes in kinetics of invasive potential, the majority 
of the xenografted human tumors maintain the morphologic and 
biochemical characteristics of their original tumors. Therefore, it is 
expected that chemosensitivity would be similar in both the 
original and the xenografted human tumor, and that this correlation 
would predict for both active single agents and active drug 
combinations. In fact, excellent correlations can be made between 
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average growth delay for human tumors in nude mice treated with 
the best available drug combinations and complete clinical 
response rates. . . . 

With respect to tenascin-C specifically, there are numerous reports of the use of the 
xenograft tumor model in combination with radiolabeled monoclonal antibodies. For example, 
Bourdon et al, Anticancer Res, 4(3) :133-140 (1984) describe the use of the anti-tenascin 
antibody 81C6 to image human tumor xenografts in mice. Indicating that such studies of the 
81C6 antibody correlate well with studies in humans, Schold et al, Invest Radiol. 28(6) :488-496 
(1993) and Zalutsky et al, Cancer Res. 49(10):2807-2813 (May 1989) describe the use of 
radiolabeled 81C6 to image tumors in human patients; and Reardon et al, J Clin Oncol. 
20(5}: 1389-1397 (2002) describe the use of 81C6 to treat human tumors. 

The prior art includes the descriptions of many types of tumors that express tenascin-C 
(including carcinomas of the lung, breast, prostate, colon, astrocytomas, glioblastomas, 
melanomas, and sarcomas), as well as other diseases such as hypoproliferative skin disorders 
(e.g., psoriasis). See page 1, line 17- page 2, line 1 of the instant specification where such 
descriptions are incorporated by reference. At the time the instant application was filed, 
tenascin-C had additionally been implicated in numerous other neoplasms, including: basal cell 
carcinoma (Stamp, J Pathol 159(3) :225-229 (Nov. 1989)), odontogenic tumors (Heikinheimo et 
al, Virchows Arch B Cell Pathol InclMol Pathol 61(2) :101-109 (1991)), endometrial 
adenocarcinoma (Vollmer et al, Lab Invest 62{6): 725-730 (Jun 1990)), hepatocellular 
carcinoma (Yamada et al, Liver 12(1}: 10- 16 (Feb. 1992)), salivary gland tumors (Soini et al, 
Virchows Arch A Pathol Anat Histopathol 421{3}:2 17-222 (1992)), transitional cell carcinomas 
of the bladder (Tiitta et al, Virchows Arch B Cell Pathol Incl Mol Pathol 63(5) :283-287 
(1993)), and in rhabdomyosarcomas, fibromas and liposarcomas (Schnyder et al, Int J Cancer. 
72(2}:217-224 (Jul 17,1997)). 

In summary, the prior art recognizes that tenascin-C is expressed in a tremendous variety 
of human tumors, and in hyperproliferative skin disorders and atherosclerosis. As explained 
above, Figure 7 in the instant specification does not demonstrate extensive expression in normal 
tissue. The prior art also recognizes the general utility of the mouse xenograft model for the 
study of human tumors. Finally, the prior art recognizes that the specific utility of the mouse 
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xenograft model for the study of human tumors expressing tenascin-C. Thus, Applicants submit 
that by providing actual reduction to practice of the detection of xenografted human tumors of 
widely diverse origins, the scope of enablement reasonably correlates with the scope of the 
claims. 

Nature of the Invention 

The Examiner submits that the nature of the invention is such that detecting a disease 
using a ligand would require a teaching of a relationship between the ligand and the disease 
wherein the teaching would include an illustration or examples of the relationship between the 
ligand and the disease. As an example, the Examiner suggests a sample population study 
illustrating that tenascin-C expression detects cancer regardless of the amount, time, or pattern of 
expression. 

As detailed in the foregoing section of this response, the state of the art at the time of 
filing of the invention was such that it was known that tenascin-C is expressed during 
embryogenesis, and during certain disease processes in adults, including cancer, proliferative 
skin disorders and atherosclerosis. See page 1, lines 17-32 of the instant specification where 
there is discussion of the types of diseased tissue where tenascin-C is expressed. The prior art 
also teaches that radiolabeled antibodies that bind tenascin-C are used for imaging and therapy of 
tumors in a clinical setting. See page 1, line 33-page 2, line 1 . In addition, the specification 
provides examples in which tenascin-C aptamer recognizes a variety of morphologically distinct 
human tumors that have been xenografted into mice. Thus, the specification provides a teaching 
of the clear relationship between tenascin-C expression and disease. 

As also explained in the foregoing section of this response, Figure 7 of the application 
does not depict the expression of tenascin-C in non-diseased tissues. Rather, Figure 7 depicts the 
inevitable hepatobiliary clearance pattern of a radiopharmaceutical in a living animal. Such 
hepatobiliary clearance patterns are well known in the radiopharmaceutical art. The 
specification teaches that one may alter a hepatobiliary clearance pattern by altering the 
hydrophilicity of the chelator, changing the chelator, or changing the radiometal/chelator pair 
together. See page 23, lines 29-32. For example, the specification teaches that if one wants to 
perform abdominal imaging, then one selects a chelator that has a relatively low level of 
hepatobiliary clearance. See page 25, lines 23-39. 
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For the foregoing reasons, Applicant respectfully submits there is a clear teaching of the 
relationship between tenascin-C expression and the diseases of cancer, psoriasis and 
atherosclerosis which would enable one skilled in the art to make and use the invention as 
claimed. 

Level of Predictability in the Art 

The Examiner states that the level of predictability in the art is very low with regard to 
detection of disease without a correlating relationship between the disease and the detecting 
molecule. The Examiner also states that the relationship between tenascin-C expression and 
cancer, psoriasis or atherosclerosis is unknown and that Figure 7 of the specification illustrates 
the expression of tenascin-C in normal tissue. 

As discussed in detail above, the prior art clearly teaches a correlating relationship 
between expression of tenascin-C and cancer, psoriasis and atherosclerosis. See specification, 
page 1, lines 17-32. The prior art also teaches that radiolabeled antibodies that bind tenascin-C 
are used for imaging and therapy of tumors in a clinical setting. See page 1, line 33-page 2, line 
1 . Thus, the specification provides a teaching of the clear relationship between tenascin-C 
expression and disease. 

In addition, Figure 7 of the application does not depict the expression of tenascin-C in 
non-diseased tissues. Rather, Figure 7 depicts the inevitable hepatobiliary clearance pattern of a 
radiopharmaceutical in a living animal. Such hepatobiliary clearance patterns are well known in 
the radiopharmaceutical art. The specification teaches that one may alter a hepatobiliary 
clearance pattern by altering the hydrophilicity of the chelator, changing the chelator, or 
changing the radiometal/chelator pair together. See page 23, lines 29-32. For example, the 
specification teaches that if one wants to perform abdominal imaging, then one selects a chelator 
that has a relatively low level of hepatobiliary clearance. See page 25, lines 23-39. 

For these reasons, one skilled in the art would readily extrapolate the prior art teachings- 
that tenascin-C expression correlates with disease and that tenascin-C antibodies may be used for 
therapy and detection of those diseases-to the claimed invention. MPEP § 2164.03. Therefore, 
contrary to the Examiner's assertion the level of predictability in the art is high with regard to 
detecting tenascin-C in order to detect a disease. 
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Existence of Working Examples 

The Examiner asserts that the specification does not provide working examples of the 
broadly claimed invention, stating that the specification teaches the expression of tenascin-C in a 
variety of non-diseased tissues. Applicants respectfully disagree. 

It has been determined by the courts that no working examples are required to enable a 
patent application. In re Borkowski, All F.2d 904, 164 U.S.P.Q. 642 (C.C.P.A. 1970). 
Applicant, however, has provided a number of specific in vivo examples of the detection of 
widely varying types of human tumors using the art-recognized mouse xenograft model. The 
state of the art is such that the mouse xenograft model for tumor detection is accepted as 
reasonably correlating with the detection of human tumors in vivo. Note that a rigorous or 
invariable exact correlation is not required. Cross v. Iizuka, 753 F.2d 1040, 1050, 224 U.S.P.Q. 
739, 747 (Fed. Cir. 1985). As discussed above in detail, the prior art recognizes both the general 
utility of the mouse xenograft model for the study of human tumors and the specific utility of the 
mouse xenograft model for the study of human tumors expressing tenascin-C. For example, 
Bourdon et aL, Anticancer Res. 4£3):133-140 (1984) describe the use of the anti-tenascin 
antibody 81C6 to image human tumor xenografts in mice. Indicating that such studies of the 
81C6 antibody correlate well with studies in humans, Schold et al., Invest Radiol. 28(6) :488-496 
(1993) and Zalutsky et al., Cancer Res. 490O):28O7-2813 (May 1989) describe the use of 
radiolabeled 81C6 to image tumors in human patients; and Reardon et al^JClin Oncol. 
20(5):1389-1397 (2002) describe the use of 81C6 to treat human tumors. 

Contrary to the Examiner's assertion, Figure 7 of the application does not depict the 
expression of tenascin-C in non-diseased tissues. Rather, Figure 7 depicts the inevitable 
hepatobiliary clearance pattern of a radiopharmaceutical in a living animal. Such hepatobiliary 
clearance patterns are well known in the radiopharmaceutical art. The specification teaches that 
one may alter a hepatobiliary clearance pattern by altering the hydrophilicity of the chelator, 
changing the chelator, or changing the radiometal/chelator pair together. See page 23, lines 29- 
32 . For example, the specification teaches that if one wants to perform abdominal imaging, then 
one selects a chelator that has a relatively low level of hepatobiliary clearance. See page 25, 
lines 23-39. 

In summary, the specification provides examples of the detection of widely varied human 
tumors using the art-recognized mouse xenograft model. Applicant submits that the Examiner's 
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focus on the difference between the working examples and the claimed methods is based on a 
standard of a rigorous or exact correlation, which is not the standard of enablement. The prior 
art recognizes that tenascin-C is an important marker for the detection of diseased tissue, 
including cancer, psoriasis and atherosclerosis (see page 1, lines 17-33 of the instant 
specification). Figure 7 of the application is not to the contrary. The prior art also recognizes 
that detection of tenascin-C in human tumors in xenografted mice correlates with the detection of 
tenascin-C expression in tumors in humans. For these reasons, Applicants respectfully submit 
that the specification provides working examples of the claimed invention, which would enable 
one skilled in the art to make and use the invention as claimed. 

Quantity of Experimentation Required 

The Examiner submits that it would require undue experimentation for one skilled in the 
art to make and use the invention as claimed in view of the breadth of the claims, the nature of 
the invention, the unpredictability in the art, and the lack of working examples. Applicants 
respectfully disagree. As detailed in the foregoing sections of the response, Applicants have 
demonstrated that the art recognizes the correlation between tenascin-C expression and cancer, 
psoriasis and atherosclerosis. Applicants have also demonstrated that the art recognizes the 
correlation between the detection and treatment of human tumors xenografted into mice with the 
detection and treatment of humans with the same tumors. In the specific case of tumors that 
express tenascin-C, Applicants have demonstrated that the art recognizes the correlation between 
the detection of tenascin-C expression in xenografted mice and the detection and therapy of the 
same tumors in humans. Applicants have demonstrated that a representative tenascin-C nucleic 
acid ligand detects a wide variety of human tumors in xenografted mice. 

While development of a specific treatment or detection regimen may require a large 
quantity of experimentation, the amount of experimentation is not a controlling factor. It is a 
tenet of patent law that an applicant need not teach what the skilled artisan already knows. 
Instead, it is preferred that an applicant "omit what is known in the art." Hybritech Inc. v. 
Monoclonal Antibodies, 231 U.S.P.Q. 81, 94 (Fed. Cir. 1986). Certainly, much guidance and 
direction exists in the prior art with regard to administration routes and other details of treatment 
regimens. Antisense and other nucleic acid therapeutics have been used in the treatment of 
humans since at least as early as 1993. Additionally, the specification provides extensive 
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teaching of the preparation, administration, and analysis of treatment data in in vivo experiments. 
Applicants submit that such prior art treatments, together with the teachings of the specification, 
provide a reasonable amount of guidance with respect to the direction in which the 
experimentation should proceed and, and therefore satisfy the enablement requirement. 

VIII. CLAIMS APPENDIX 

1-32 (Canceled). 

33 (Previously Presented). A method for detecting the presence of a disease in 
a biological tissue which may contain said disease, wherein said disease is characterized by the 
expression of tenascin-C in said tissue and wherein said disease is selected from the group 
consisting of cancer, psoriasis, and atherosclerosis, the method comprising: 

a) attaching a marker that can be used in in vivo diagnostics to a tenascin-C nucleic 
acid ligand to form a marker-nucleic acid ligand complex; 

b) exposing said biological tissue which may contain said disease to said marker- 
nucleic acid ligand complex; and 

c) detecting the presence of said disease in said tissue by detecting the presence of 
said marker-nucleic acid ligand in said tissue. 

34-43 (Canceled). 

44 (Previously Presented). The method of 33 wherein said marker is selected from 
the group consisting of radionuclides, fluorophores, magnetic compounds, and biotin. 

45 (Previously Presented). The method of 44 wherein said radionuclide is selected 
from the group consisting of technetium-99m (Tc-99m), Re-188, Cu-64, Cu-67, F-18, 125 1, 131 I, 
lu In, 32 P, and 186 Re. 

46 (Previously Presented). The method of 45 wherein said marker is technetium- 

99m. 
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47 (Previously Presented). The method of 46 wherein said tenascin-C nucleic acid 
ligand comprises a linker. 

48 (Previously Presented). The method of 47 wherein said linker is (CH 2 CH 2 0) 6 . 

49 (Previously Presented). The method of 47, wherein said linker has the structure 

O" 




o 



50 (Previously Presented). The method of 47 wherein said tenascin-C nucleic acid 
ligand is selected from the group consisting of SEQ ID NOS: 4-65. 

5 1 (Previously Presented). The method of 50 wherein said tenascin-C nucleic acid 
ligand is 

5 , -B-G667667CG-(CH 2 CH 2 0) 6 -CGUCGCCGU77U667U6UUUU6CUCCCU65 
wherein: 

all pyrimidines are T F; 
6= 2'OMe G; 
7= 2' OMe A; 
5= 3'-3' dT; and 
B= linker. 

52 (Previously Presented). The method of 5 1 wherein said technetium-99m is 
associated with a chelator. 

53 (Previously Presented). The method of 52, wherein said complex is 
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\ / N ~~~\ 
so n6 

B-G667667CG-(CH2CH20)6-CGUCGCCGU77U667U6UUUU6CUCCCU65 



54 (Previously Presented). The method of 53 wherein said complex is 




s N 



f 7 

i^^^^O^>-OG667667CG-(CH2CH20)6-CGUCGCCGU77U667U6UUUU6CUCCCU65 



n 
O 



t 



Hexylamine linker. 



55 (Canceled). 



56 (Previously Presented). The method of 33 further comprising attaching a 
therapeutic or diagnostic agent to said complex. 

57 (Previously Presented). The method of 33 wherein said disease is cancer. 

58 (Previously Presented). The method of 33 wherein said tenascin-C nucleic acid 
ligand is identified by: 

i) contacting a candidate mixture of nucleic acids with tenascin-C wherein nucleic 
acids having an increased affinity to tenascin-C relative to the candidate mixture may be 
partitioned from the remainder of the candidate mixture; 

ii) partitioning the increased affinity nucleic acids from the remainder of the 
candidate mixture; 

iii) amplifying the increased affinity nucleic acids to yield a mixture of nucleic acids 
with relatively higher affinity and specificity for binding to tenascin-C, whereby a nucleic acid 
ligand of tenascin-C is identified. 
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Original Paper 

Expression of Tenascin-C in Intraductal Carcinoma of Human 

Breast: Relationship to Invasion 

T. Jahkola, 1 T. Toivonen, 2 S. Nordling , 3 K. von Smitten 1 and I. Virtanen 4 

'Fourth Department of Surgery, Helsinki University Central Hospital, Kasarmikatu 1 1-13, FIN-00130 Helsinki; 
department of Pathology, Kymenlaakso Central Hospital, Kotka; department of Pathology, Haartman 
Institute; and department of Anatomy, Institute of Biomedicine, University of Helsinki, Helsinki, Finland 

Tenascin-C (Tn-C) is an extracellular matrix glycoprotein that appears in areas of epithelial- 
mesenchymal interaction during fetal development and in neoplasia. The immunohistoc hemic al 
expression of Tn-C and its relationship to histology, nuclear grade, microinvasion, oestrogen (ER) 
and progesterone receptors (PR), and to cell proliferation measured by Ki-67 expression were studied 
in 89 intraductal breast carcinomas (DCIS). Periductal Tn-C was noted in 87% and stromal Tn-C in 
25% of the tumours. Stromal expression was associated with moderate to strong periductal expression 
and microinvasion. Periductal expression was associated with comedo-type, nuclear grade, micro - 
invasion, Ki-67 expression, and lack of PR. The distribution of Tn-C was compared in DCIS and in the 
intraductal component from another series of small axillary node-negative invasive breast carcinomas 
(n = 44). Tn-C was present in the stroma of pure DCIS in 25% and in the intraductal component of the 
other series in 82%. Thus, stromal or moderate to strong periductal Tn-C expression in DCIS may 
relate to early invasion. DCIS with weak periductal or missing Tn-C expression may be a subgroup 
with benign behaviour. © 1998 Elsevier Science Ltd. All rights reserved. 

Key words: tenascin, intraductal carcinoma, breast cancer, invasion 

Eur J Cancer, Vol. 34, No. 1 1, pp. 1687-1692, 1998 



INTRODUCTION 

Carcinomas are composed of two discrete but inter- 
dependent compartments, malignant cells and the stroma 
[1]. The stroma differs from normal connective tissue and 
resembles the aggregations of mesenchyme observed during 
morphogenesis [2] or the granulation tissue that forms during 
wound healing [1]. Tenascin-C (Tn-C) is a large glycopro- 
tein of the extracellular matrix, expressed transiently during 
fetal development, inflammation, wound healing and neo- 
plasia. It is believed to have active functions in epithelial- 
mesenchymal interactions. Cell culture studies suggest that it 
has growth-promoting activity and anti-adhesive functions 
(for a review see [3]). Tn-C is produced by stromal fibro- 
blasts, and also by epithelial cells of normal and malignant 
breast tissues, as shown by in situ hybridisation techniques 
[4, 5]. When expressed in normal adult breast tissue, Tn-C is 
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located immunohistochemically as a continuous thin layer 
around the ducts. In intraductal carcinoma (ductal/carcino- 
mas in situ y DCIS), Tn-C appears as broad bands and, in 
infiltrating ductal carcinomas, extensive immunostaining is 
noted in the stroma around clusters of carcinoma cells [6]. 
However, not all breast carcinomas express Tn-C [7,8]. The 
reaction is most intense at the invasive edge of the rumour 
[6]. Tn-C may indicate the site of active cancer spread, since 
expression of Tn-C in the invasion border of small breast 
carcinomas is associated with an adverse patient outcome 
[9,10]. 

DCIS is a precursor lesion of breast carcinoma. The epi- 
thelial cells are malignant, but growth is limited to the inside 
of the gland ducts by a basement membrane [11]. The 
comedo DCIS (which always presents with central necrosis) 
is known to be associated with occult foci of invasion more 
often than the other histological subtypes of DCIS [1 1] and 
the rate of local recurrences in the comedo type is also higher 
[12,13]. Diagnostic classifications of DCIS, based on the 
nuclear grade and the presence or absence of central necrosis, 
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have been proposed [12-14]. The search for treatment 
criteria for DCIS has started and in 1997 at least three pro- 
spective multicentre studies were under way to find out who 
should be treated with resection only, who needs post- 
operative radiotherapy and who should undergo mastectomy 

[15]. . 

In the present study, the immunohistochemical distribu- 
tion of Tn-C was analysed in tissue from 89 DCIS, with the 
aim of characterising the staining pattern and intensity of Tn- 
C and relating the results to subtype, nuclear grade and 
microinvasion. The level of Ki-67 antigen as a measure of 
proliferation activity and of oestrogen receptors (ER) and 
progesterone receptors (PR) had been determined previously 
in the majority of these tumours and the results are included 
in the study. The distribution of Tn-C expression was also 
compared in this group of pure DCIS and in the intraductal 
component areas of material from another 44 small invasive 
tumours. 

PATIENTS AND METHODS 

Patients 

133 patients, were operated upon for primary DCIS during 
1974-1996 at the Fourth Department of Surgery, Helsinki 
University Central Hospital (HUCH), Helsinki, Finland. For 
this study, the pathology reports and specimens of these 133 
tumours were reviewed and the most representative sample of 
each case was selected for Tn-C immunohistochemistry. In 
36 cases, either no tumour sample was available or no malig- 
nant tissue was left to investigate. A pre-operative core-needle 
biopsy had been taken of 16 tumours and these cases were 
excluded to avoid misinterpretation of possible stromal 
expression of Tn-C related to trauma [16]. The remaining 89 
tumours were included in this study. 

The median age of the patients was 52.5 years (range 28- 
82 years). 39 women (44%) had a breast-conserving opera- 
tion and 28 of these (72%) received postoperative radio- 
therapy of 50 Gy to the breast area. No lymph node 
metastases were found in the 26 women (29%) who had an 
axillary dissection. The follow-up data were collected in 
November 1997 from the records of the Fourth Department 
of Surgery and the Department of Oncology, HUCH and the 
Finnish Cancer Registry. 

Another group of 44 patients with small (1-25 mm) axil- 
lary node-negative tumours, comprised of both an invasive 
area and an intraductal component, has been characterised in 
detail previously [9]. 

Tumour samples 

The tumours were re-examined and classified for histolo- 
gical subtype and nuclear grade. Nuclear grade was classified 
as low (1), intermediate (2) and high (3) [17]. The largest 
dimension of the tumours was obtained from the pathology 
reports. The mean size was 15 mm (range 2-40 mm). In 26 
tumours (29%), the pathologist had not reported the size of 
the rumour, apparently because of widespread multifocality. 
The paraffin-embedded tumours were cut at 5 fxm for Tn-C 
immunohistochemistry, and the sections were also stained 
with haematoxylin-eosin to verify histology. 

Steroid receptors and Ki-67 were routinely determined in 
the laboratory, although in the earlier specimens these deter- 
minations were missing. No retrospective staining was carried 
out. ER was available in 64 (72%), PR in 63 (71%) and Ki- 
67 antigen in 61 (69%) of the tumours. 



Tn-C immunohistochemistry 

The monoclonal antibody 143BD7 against Tn-C has been 
previously characterised [18] and the immunohistochemical 
detection and evaluation of Tn-C has been described [9] . 
The extent and intensity of Tn-C expression was scored as -, 
+, ++ and +++ corresponding to negative, weak, moderate, 
and strong immunoreactivity. Tn-C staining was scored for 
periductal and stromal expression. 

ER and PR immunohistochemistry 

Until October 1995, the steroid receptors were assessed in 
frozen sections. Frozen sections were used for determinations 
of ER in 46 tumours and of PR in 45 tumours. Immunohis- 
tochemistry was performed using the ERICA and PRICA kits 
according to the instructions of the manufacturer (Abbott 
Laboratories, Chicago, Illinois, U.S.A.). The result was 
scored as weakly positive (+) when 10-40% of cells were 
stained, as moderately positive (++) when 40-70% were 
stained, and as strong (+++) when > 70% were stained. The 
staining intensity was not recorded. After October 1995 the 
staining was performed on paraffin-embedded sections. The 
tissue arrived fresh to the laboratory and the tumour speci- 
men was immediately fixed in formaldehyde. Steroid recep- 
tors were determined from paraffin sections of 18 tumours 
using the monoclonal antihuman ER antibody (clone 1D5, 
Dako, Glostrup, Denmark) and PRICA kit for PR. The 
staining method for PR has been described previously [19]. 
ER was detected using the same microwave pretreatment as 
for PR, but the detection was carried out with a commercial 
ABC kit (Vectastain Elite, Vector Laboratories, Burlingame, 
California, U.S.A.). The scoring was the same as in frozen 
sections. 

Ki-67 immunohistochemistry 

Ki-67 immunohistochemistry was performed using mono- 
clonal Ki-67 antiserum (Dakopatts) on frozen tissue in 21 
tumours before February 1994 (for methods, see [20]) and 
thereafter, using the polyclonal Ki-67 antibody (Dako) on 
paraffin-embedded tissue in 40 tumours (for methods, see 
[21]). The level of immunoreactivity was expressed as the 
proportion of Ki-67 positive cells. The intensity of the stain- 
ing was not recorded. The frozen sections were scored as 
weakly positive (+) when 1-2% of the nuclei were positive, as 
moderate (++) when 3-10% of the nuclei were positive and 
as strong (+++) when > 10% of the nuclei were positive. For 
the paraffin-embedded tumour material, the corresponding 
proportions of Ki-67 -positive nuclei were 5-15% (+), 15- 
30% (++) and > 30% (+++). 

Statistical methods 

The statistical significance of differences in periductal and 
stromal Tn-C distribution between the intraductal compo- 
nent of invasive cancers and pure DCIS was tested with the 
chi-square test. The chi-square test was also used to test for 
an association between discrete variables and the Mann- 
Whitney U test for continuous variables. All tests were two- 
sided and P values below 0.05 were considered significant. 

RESULTS 

Expression of Tn-C in DCIS 

Tn-C expression was observed periductally in 77 tumours 
(87%). It was weak in 23 (26%), moderate in 29 (33%) and 
strong in 25 tumours (28%). In some samples, Tn-C was not 
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present around all the affected ducts. In a few cases, peri- 
ductal staining was also seen around benign hyperplastic 
ducts. When stromal Tn-C was encountered with micro- 
invasion, it seemed to accompany the invading cells 
(Figure 1). Typically, the stromal Tn-C was focal, often 
forming bridges between the ducts of DCIS. In two cases, 
stromal Tn-C was expressed in areas of benign fibrotic 
stroma. Stromal expression was absent in 67 tumours (75%), 
but weak in nine (10%), moderate in nine (10%) and strong 
in four (5%). For analysis of associations with other factors, 
the stromal Tn-C-positive groups were combined (n = 22). 

Expression of ER and PR in DCIS 

In the 64 tumours studied, 20 (31%) were ER-negative 
tumours, four (6%) weakly positive, eight (13%) moderately 
positive and 32 (50%) strongly positive. For PR (w = 63) 32 




(51%) were negative, five (8%) were weakly positive, 12 
(19%) were moderately positive and 14 (22%) strongly posi- 
tive. For analysis, the steroid receptors were dichotomised to 
positive and negative groups. 

Expression of Ki-67 in DCIS 

Of the 61 tumours studied, 18 (30%) were Ki-67 negative, 
24 (39%) weakly positive, 13 (21%) moderately positive and 
six (10%) strongly positive. For analysis, the Ki-67-positive 
groups were combined (n = 42). 

Relationship of Tn-C to other variables 

Histological classification and Tn-C staining of the 
tumours are shown in Table 1 . Only two of the tumours (2%) 
were of low grade, 29 (33%) of intermediate grade and 58 
(65%) of high grade. In mixed types, the one with the worse 




Figure 1. Periductal tenascin-C expression in four tumours of intraductal carcinomas (a-d). Note focally enhanced expression 

in microinvasive foci (arrows in a-d). (magnification x 125). 
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Table 1. Distribution of periductal and stromal tenascin-C (Tn-C) immunoreactivity in intraductal carcinoma (DCIS) and subtypes 



Periductal Stromal 







+ 


++ 


+++ 






++ 


+++ 




n (%) 


« (%) 


n (%) 


n (%) 


" (%) 


n (%) 


n (%) 


n (%) 


All DCIS (« = 89) 


12(13) 


23 (26) 


29 (33) 


25 (28) 


67 (75) 


9(10) 


9(10) 


4(5) 


Comedo (n = 47) 


1 (2) 


12 (26) 


15 (32) 


19 (40) 


35 (74) 


7(15) 


4(9) 


t (2) 


Non-comedo (w = 42) 


11 (26) 


1 1 (26) 


14 (33) 


6(14) 


32 (76) 


2 (5) 


5(12) 


3(7) 


Cribriform (n = 1 2) 


2 (17) 


1 (8) 


6 (50) 


3 (25) 


6 (50) 


2 (17) 


3 (25 


1 (8) 


Micropapillary (n = 4) 


2(50) 


1 (25) 


1 (25) 


0 


4 (100) 


0 


0 


0 


Not specified (« = 26) 


7 (27) 


9(35) 


7(27) 


3(12) 


22 (84) 


0 


2(8) 


2(8) 



Table 2. Associations between periductal tenascin-C (Tn-C) expression and other variables of 


intraductal carcinoma (DCIS) 








Periductal Tn-C expression 








+ 


++ 


+++ 


Chi-square 




n (%) 


n (%) 


n (%) 


n (%) 


P value 


All (« = 89) 


12 (13) 


23 (26) 


29 (33) 


25 (28) 




Nuclear grade 1 (n = 2) 


0 


1 (50) 


1 (50) 


0 




Nuclear grade 2 {n = 29) 


8 (28) 


10 (34) 


5(17) 


6(21) 




Nuclear grade 3 (« = 58) 


4(7) 


12 (21) 


23 (40) 


19 (33) 


0.04 


Comedo (n = 47) 


1 (2) 


12 (26) 


15 (32) 


19 (40) 




Non-comedo (« = 42) 


1 1 (26) 


11 (26) 


14 (34) 


6(14). 


0.002 


No microinvasion {n - 7 1) 


12 (17) 


21 (30) 


21 (30) 


17 (24) 




Microinvasion (n= 18) 


0 


2(11) 


8(44) 


8(44) 


0.04 


ER- (« = 20) 


1 (5) 


2(10) 


9(45) 


8 (40) 




ER+ (» = 44) 


8(18) 


12 (27) 


14 (32) 


10 (23) 


0.13 


PR-(* = 32) 


1 (3) 


5(16) 


12 (37) 


14 (44) 




PR + (* = 31) 


8 (26) 


8 (26) 


11 (35) 


4(13) 


0.008 


Ki-67 + (n = 43) 


2(5) 


9(21) 


15 (35) 


17 (39) 




Ki-67- (*=18) 


5(28) 


3(17) 


7 (39) 


3 (17) 


0.04 



ER, Oestrogen receptor; PR, Progesterone receptor. 



known prognosis was chosen. Comedo or cribriform tumours 
were more frequently Tn-C-positive than other types 
(Table 1). Cribriform tumours were often positive for ER (8/ 
9) and PR (6/9), and they expressed Tn-C periductally in 10/ 
12 tumours (in 9/12 moderate to strong staining) and stro- 
mally in 6/12 tumours (Table 1). 

The age of the patient was not related to Tn-C expression 
nor was the size of the tumour (data not shown). The 
tumours with a known size and the mainly multifocal 
tumours with no size definition were also compared and no 
difference was found in Tn-C distribution (data not shown). 

The DCIS tumours that expressed (moderate to strong) 
periductal Tn-C were associated with microinvasion 
(P=0.04), comedo type (P= 0.002), high nuclear grade 
{P- 0.04), lack of PR (P= 0.008) and positive Ki-67 expres- 
sion (P=0.04) (Table 2). They tended to be ER-negative, 
but this association did not reach statistical significance. 
Stromal Tn-C expression was associated with periductal Tn- 
C expression CP=0.05) and microinvasion (P= 0.005). A 
non-significant association with positive Ki-67-immuno- 
reactivity was also noted (P=0.07; Table 3). 

Microinvasion was considered to be present if it was men- 
tioned in the original pathology report on paraffin samples or 
if it was noted in the sections made for this study. There was 
microinvasion in 18/89 tumours (20%). It was associated 
with periductal Tn-C expression (P = 0.04) 3 stromal Tn-C 



Table 3. Association between tenascin-C (Tn-C) expression in the 
stroma and other variables of intraductal carcinoma (DCIS) 



Tn-C positive 
in stroma Chi-square 
n (%) P value 



All (« = 89) 


26 (29) 




Tn-C periductal- (« = 12) 


1 (8) 




Tn-C periductal + (n = 23) 


2(9) 




Tn-C periductal + + (n = 29) 


8 (28) 




Tn-C periductal + + + (n = 25) 


1 1 (44) 


0.02 


Nuclear grade 1 (« = 2) 


1 (50) 




Nuclear grade 2 (« = 29) 


6 (21) 




Nuclear grade 3 (» = 58) 


15 (26) 


0.6 


Comedo (n = 47) 


12 (26) 




Non-comedo (n = 42) 


10 (24) 


0.9 


Microinvasion (n = 1 8) 


9 (50) 




No microinvasion (« = 71) 


13 (18) 


0.005 


ER-(»=20) 


4 (20) 




ER+ (* = 44) 


13 (30) 


0.4 


PR-(« = 32) 


9 (28) 




PR+ (« = 31) 


8 (26) 


0.8 


Ki-67 + (n = 43) 


15 (35) 




Ki-67 -(*= 18) 


2 (11) 


0.07 



ER, Oestrogen receptor; PR, Progesterone receptor. 
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Table 4. Distribution of periductal and stromal expression of 
tenascin-C (Tn-C) in purely intraductal carcinomas (DCIS) 
(n = 89) and in the intraductal component of small invasive ductal 
carcinomas (n = 44) 

Intraductal component 





Pure 


of invasive ductal 






DCIS (%) 


carcinoma* (%) 


P value 


Tn-C periductal 










12 (13) 


2(5) 




+ 


23 (26) 


6 (14) 




++ 


29 (33) 


20 (45) 




+++ 


25 (28) 


16 (36) 


0.1 


Tn-C stromal 










67 (75) 


8(18) 




+ 


9(10) 


11 (25) 




++ 


9 (10) 


13 (30) 




+++ 


4 (5) 


12 (27) 


< 0.0001 



'Detailed in [9j. 



expression (P= 0.005), comedo type (P=0.02) and a Ki-67- 
positive immunoreaction (P=0.02), but not with nuclear 
grade (data not shown). 

Follow-up of the DCIS patients 

None of the DCIS patients had metastases. The median 
follow-up for the local status of the patients treated with 
breast-conserving surgery was 2 years (range 5 months-9 
years). Four local recurrences occurred 1.5-5.5 years, median 
3.3 years, after the operation. All recurrences were DCIS and 
no invasive growth was encountered. In 2 patients the resec- 
tion margin had not been tumour-free and in 1 patient the 
tumour was multifocal with an uncertain resection margin, 
the smallest distance from DCIS being 3 mm. 1 patient had 
not received postoperative radiotherapy and there was no 
reference to the resection margin in the pathology report. 
None of the histopathological variables were related to these 
local recurrences, but because of non-standardised surgical 
treatment, the series was not suitable for evaluation of local 
recurrence. 

Tn-C in pure DCIS and in the intraductal component of invasive 
carcinomas 

There was no significant difference in periductal Tn-C 
distribution in the pure DCIS group and the 44 small, inva- 
sive ductal carcinomas with an intraductal component [9] 
(Table 4). Stromal Tn-C expression was present in 25% of 
the pure DCIS and in 82% of the intraductal components 
(P< 0.000 1; Table 4). 

DISCUSSION 

In this study of 89 DCIS tumours, an increased periductal 
expression of Tn-C was correlated with microinvasion and 
with comedo type. Comedo type is known to be associated 
with a higher risk of both invasion [11] and recurrence 
[12, 13]. Tn-C was also associated with lack of PR expression 
and with cell proliferation, measured by the Ki-67 antigen. 
Using in situ hybridisation, it has recently been shown that 
Tn-C is produced by the carcinoma cells of early invasive 
nests of DCIS and that these mRNA-positive cells are parti- 
cularly frequent at the margins of the carcinoma cell nests 
[4,5]. This is consistent with our observations of a connec- 
tion between Tn-C and early invasion. 



Tn-C expression in morphogenesis and in carcinogenesis 
have marked resemblances. Tn-C accumulates specifically in 
the dense mesenchyme around epithelial organ primordia 
[22] and in invasive nests of breast carcinoma [5,6]. The 
source of Tn-C at these sites is predominantly or entirely the 
epithelial cells themselves [4, 5, 23]. After differentiation, this 
Tn-C production is downregulated [22-24]. An analogous 
downregulation may take place in infiltrating breast carcino- 
mas, where the expression at the invading periphery is often 
intense, whereas the central parts of the tumour express less 
Tn-C [4, 6] . This downregulation of Tn-C expression within 
fully evolved advanced carcinomas may explain why Tn-C- 
negative tumours have a worse prognosis in breast cancer 
[25] and colorectal cancer [26]. The origin of the stromal 
Tn-C in infiltrating carcinomas may be different, produced 
by fibroblasts and related to desmoplasia, as shown in the 
scirrhotic type of breast carcinoma [5] . This type of tumour 
represents *the wound that does not heal* [1] and Tn-C may 
reflect and participate in a process resembling wound healing 
or inflammation related to host-response and different from 
cancerous invasion. It seems as if carcinoma cells produce 
Tn-C at the invasion front in a manner similar to actively 
growing epithelia during fetal development. 

The distribution of Tn-C in other benign, premalignant 
and malignant epithelial tissues resembles that of the breast. 
In colon adenomas, Tn-C expression in the basal lamina is 
increased as compared with the normal mucosa and in invasive 
adenocarcinomas Tn-C is found in the basal lamina and also 
in the stroma [27]. Analogous changes in expression have 
been reported in the prostate [28], the endometrium [29], the 
cervix uteri and the vulva [18], the urinary bladder [30], in 
salivary gland tumours [31], lung tumours [32], and pre- 
malignant oral lesions and squamous cell carcinoma [33] . It 
seems possible that measurement of Tn-C may be of clinical use 
and aid the identification of early stages of invasion in any car- 
cinoma. Future studies are needed to show whether Tn-C can 
be used to help decisions on the extent of surgery and the need 
for radiotherapy and adjuvant medication in early carcinomas. 

In vitro Tn-C participates in the control of ceil proliferation 
and migration. According to both in situ hybridisation and 
immunohistochemical studies, Tn-C is produced by breast 
carcinoma cells at the site of early invasion and may, thus, 
have an active function in cancer invasion and metastasis. 
The expression of Tn-C in the invasion border of small infil- 
trating breast carcinomas predicts both local recurrence after 
breast-conserving surgery [10] and distant metastasis [9]. In 
the present study, moderate to strong periductal expression of 
Tn-C in DCIS was associated with comedo type, microinva- 
sion, high nuclear grade, high Ki-67 expression and lack of 
PR. Expression in the stroma was associated with moderate 
to strong periductal staining and microinvasion. Enhanced 
periductal Tn-C expression may be a sign that DCIS is likely 
to progress into invasive breast cancer and it may aid in 
finding microinvasion. The stromal expression of Tn-C was 
considerably higher in the intraductal component of early 
infiltrating breast carcinomas than in pure DCIS. We suggest 
that Tn-C is related to invasion and it may be of value when 
measuring disease character and selecting treatments for 
carcinomas. 
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ABSTRACT 

Sections of formalin-fixed, paraffin-embedded tissues 
from 210 human breast cancers were immunohistochemi- 
cally examined using the mAb against human tenascin (TN) 
RCB1. Immunoreactive TN was detected in the breast can- 
cer stroma in 77 (36.7%) cases, whereas the remaining 133 
(63.3%) were negative. Of the 77, 12 (5.7%) cases also 
showed positive staining in the carcinoma cell cytoplasm. 
The positive cells were often observed in the margin of the 
cancer nests at the site adjacent to the stroma. According to 
the staining pattern of TN, the breast cancer cases were 
classified into the three groups of cancer cell TN(+)/stromal 
TN(+), cancer cell(-)/stromal TN(+), and cancer cell(-)/ 
stromal TN(-). Analysis of the relationship of these TN 
patterns with various clinicopathological characteristics of 
the tumors and the patient outcome revealed that, in com- 
parison to the cancer ccll(-)/stromal TN(-) group, the 
cancer cell TN(+)/stromal TN(+) group exhibited increased 
frequency of lymph node metastasis and exceptionally poor 
outcome, and the cancer cell(-)/stromal TN(+) group also 
showed more frequent metastasis and poorer outcome. Most 
of the cancer cell TN(+)/stromaI TN(+) cases were c-f?r£B-2 
positive and estrogen receptor negative. Furthermore, in situ 
hybridization of freshly obtained breast cancer tissues dem- 
onstrated that both cancer cells and stromal cells express TN 
raRNA. These results indicate that the TN in breast cancer 
is produced by cancer epithelial cells as well as by stromal 
mesenchymal cells, and that cancer cell TN might be in- 
volved in cancer spreading, resulting in unfavorable patient 
prognosis. 

INTRODUCTION 

TN 3 is an extracellular matrix glycoprotein with a unique 
six-armed macromolecular structure, which is known to be an 
essential factor for modulation of reciprocal interactions be- 
tween the epithelium and mesenchyme during embryogenesis 
(1-3). A number of studies have demonstrated prominent TN 
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expression in human cancers including those of brain (4), colon 
(5, 6), liver (7, 8), lung (9, 10), uterus (11), skin (12), prostate 
(13), and mammary gland (14-17). Because it was initially 
proposed as a stromal marker for epithelial malignancy (14), TN 
expression in cancers has usually been observed in the stroma. 
Examining human breast cancers by immunohistochemistry, 
investigators have found that TN is consistently present in the 
stroma of malignant tumors (14-16). Our previous examination 
also indicated intense staining in the connective tissue of inva- 
sive ductal carcinomas (17). Accordingly, it has been generally 
accepted that TN is produced by the mesenchyme and has an 
active function in cancer development, probably by promoting 
cancer cell proliferation and invasion. 

Shoji et al (18) proposed TN to be a marker useful in 
predicting the survival of breast cancer patients. They investi- 
gated immunoreactive TN in 82 patients with primary invasive 
breast carcinomas, and found a significantly superior outcome 
during the 5-year period after surgery in the TN-positive pa- 
tients compared with the negative patients. Immunohistochem- 
istry of primary colon carcinomas demonstrated no lymphoge- 
nous metastasis in patients in whom the cancer stroma showed 
strongly positive staining for TN (19). Taking these results into 
consideration, it is conceivable that TN may prevent rather than 
enhance the cancer cell outgrowth, probably by creating a bar- 
ricade surrounding the cancer nests and inhibiting the movement 
of these cells. In fact, TN has been proposed as a boundary 
molecule in the somatosensory cortical barrel field during the 
development of mouse cerebral cortex (20). Thus, there are two 
different lines of speculation as to the role of TN in cancer 
development. 

Ligthner et al (21) have recently demonstrated that normal 
mammary epithelial cells express TN in culture and incorporate 
the protein into the underlying matrix. They have also examined 
human breast tissues by in situ hybridization and found that both 
normal and malignant mammary epithelial cells can express TN 
mRNA (21). Our previous findings have shown that A431 epider- 
mal cancer cells which express no TN in culture can produce 
TN, with accumulation in the surrounding mesenchyme, when 
injected into the nude mouse subcutis (22). Thus, the TN in the 
breast cancer stroma is considered to be originated from both the 
epithelium and mesenchyme. We have proposed that TN in the 
tissue is heterogeneous in its structure and function (23). In 
breast cancer, the structure and function of epithelial TN are 
possibly different from those of the mesenchymal TN. There- 
fore, it is important to determine by which cells the TN in the 
cancer stroma was produced. 

In this study, we used archival formalin-fixed and paraffin- 
embedded surgical materials of human breast cancers. In immu- 
nohistochemical studies of cancers using anti-TN antibody, we 
have found positive staining in the cytoplasm of cancer cells. 
Therefore, this study was designed to investigate the presence of 
both the cancer cell TN and stromal TN in breast cancer, and the 
implications regarding the relationship between the TN staining 
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pattern and clinicopathological characteristics. TN staining was 
detected in cancer cells in the patients whose outcome was poor. 
The results were also compared with the c-erbB-2 and ER 
status. Furthermore, the cellular source of TN was identified in 
freshly obtained cancer tissues by in situ hybridization with 
human TN mRNA. 

MATERIALS AND METHODS 

Tissues. Primary breast cancers and axillary lymph 
nodes from 210 female patients who had undergone surgical 
' resection at Matsusaka Chuo General Hospital between 1979 
and 1987 were used in this study. The average age at the time of 
diagnosis was 54.4 (range, 28-89) years. The tumor diameter 
varied from 0.6 to 12 cm (mean diameter, 2.8 cm). Five years 
after the initial operation, 167 patients were still alive, 32 had 
died from relapsed breast cancer, and 11 had died of other 
causes. 

The tumors were classified according to the WHO histo- 
logical typing for breast cancer (24). The histological malig- 
nancy was categorized into three grades (MI I), based on the 
grades of architectural atypia and nuclear atypia, along with the 
number of mitotic figures as described initially by Bloom and 
Richardson (25). All cases were classified into the clinical TNM 
stages I, II, Ilia and b, and IV according to the size of the tumor, 
degree of lymph node metastasis, and distant metastasis status 
(26). The ER levels were determined at a commercial laboratory 
(Otsuka Assay Company, Tokushima, Japan). 

Survival times were measured from the date of diagnosis 
using the multiple regression model developed by Cox (27) for 
censored survival data. The curves of the probability of survival 
were obtained using the product limit method of Kaplan and 
Meier (28). Differences among the groups for other prognostic 
parameters were analyzed using Student's t test with the Coch- 
ran-Cox method and \ 2 test. 

Immunohistochcmistry. The surgical specimens were 
fixed routinely in 10% phosphate-buffered formalin, embedded 
in paraffin, and cut at 4-p.m thickness. Sections were examined 
by immunostaining for TN, c-er6B-2, and vimcntin. After 
deparaffinization with xylene and hydration with downgraded 
ethanol, the sections were incubated in 0,3% H 2 0 2 in methanol 
for 15 min to block endogenous peroxidase activity. For the 
staining of TN, the sections were treated in 10 mM TBS solution 
supplemented with 1% normal rabbit serum for 10 min to block 
nonspecific binding of rat immunoglobulins. Development and 
characterization of a rat mAb, RCB1, against human TN puri- 
fied from conditioned medium of umbilical fibroblasts were 
previously described (29). Antibody RCB1 is commercially 
available from Cosmo Bio Japan, Ltd., as a clone name of 8C9. 
Sections were then incubated with RCB1 at a concentration of 
1 M-g/ml for 2 h, washed three times with TBS, incubated with 
biotinylated rabbit antirat IgG for 30 min, washed three times 
with TBS, and incubated with a complex of avidin and biotiny- 
lated horseradish peroxidase (Vector Laboratories, Burlingame, 
CA) for 30 min. After the sections were washed with TBS, the 
color reaction was developed with a freshly prepared solution of 
0.1% diaminobenzidine tetrahydrochloride (Sigma, St. Louis, 
MO)/0.02% H 2 0 2 in 50 mM Tris-HCI (pH 7.6). They were 
washed with TBS and counterstained with hematoxylin. All 



Table 1 Expression of immunoreactive TN in human breast cancers 



Histological 
classification 


No. of 
cases 




TN 

+ 




Invasive ductal 


183 


114 


50 (4)" 


19(6)" 


carcinoma 










Noninvasive ductal 


9 


7 


2(1)° 


0 


carcinoma 










Lobular carcinoma 


6 


2 


3 


1 


Other types 


12 


10 


1 





a Numbers in parentheses, numbers of cases with TN-positive 
cancer cells. 



steps were performed at room temperature. In the staining for 
c-erbB-2 or vimentin, normal goat and horse scrum was used, 
respectively, to block nonspecific binding of immunoglobulins, 
and polyclonal antibody against c-erbB-2 (Nichirei Co.) at a 
dilution of 1:100 and mAb against vimentin (DAKO-Japan, 
Kyoto, Japan) at 1:50, respectively, was used as the primary 
antibody. For the staining of controls, sections were treated in 
parallel fashion but incubated with normal sera instead of the 
primary antibodies. The TN-positive staining in the cancer 
stroma was evaluated, but the staining in the basement mem- 
brane and subbasement membrane zone was excluded, since it 
was observed around the normal ducts as well. The cytoplasmic 
staining of the cancer cells was also determined. The staining 
intensity was scored into three grades: strongly positive (++), 
positive (+), or negative (-). 

In Situ Hybridization. Freshly dissected breast cancer 
tissues were trimmed and fixed overnight with 4% paraformal- 
dehyde in 0.1 M sodium phosphate buffer (pH 7.4) at 4°C. After 
being rinsed in the same buffer, they were dehydrated by a 
graded ethanol series and xylene, embedded in paraffin, cut at 
3-n,m thickness, and placed on glass slides coated with Biobond 
(British BioCell International, Cardiff, United Kingdom). TN 
mRNA expression was detected by in situ hybridization using a 
previously described method (30) with slight modifications. 
Briefly, antisense and sense cRNA probes were prepared by in 
vitro transcription of human TN cDNA (kindly given by Dr. L. 
Zardi, Genoa), using a DIG RNA labeling kit (SP6/T7; Boehr- 
inger Mannheim, Mannheim, Germany). Sections were depar- 
affinized with xylene, digested with 0.3 units/ml proteinase K 
(Boehringer Mannheim), postfixed with 4% paraformaldehyde, 
washed in PBS three times, then treated in 0.2 m HC1 for 10 min. 
After being washed again in PBS, they were treated in 0.1 m 
triethanolamine (pH 8.0), washed in PBS, treated with 0.1 m 
tricthanolamine/0.25% acetic anhydride, washed in PBS, dehy- 
drated in upgraded ethanol, and air dried. The specimens were 
prehybridized with hybridization buffer composed of 50% for- 
mamide, 10 mM Tris-HCI (pH 7.6), 1 mM EDTA, 600 mM NaCI, 
10 mM DTT, IX Denhardl's solution (Sigma), 0.25% SDS, 10% 
dextran sulfate, and 200 p.g/ml Escherchia coli tRNA (Boehr- 
inger Mannheim) for 2 h at 50°C, and incubated with 40 \i\ 
hybridization buffer containing alkaline-hydrolyzed DIG-la- 
beled antisense or sense probes for 16 h at 50°C. After hybrid- 
ization, sections were rinsed in 4X SSC followed by 50% 
formamide/2X SSC at 50°C for 15 min, and incubated in IX 
STE (10 mM Tris-HCI, pH 7.5/500 mM NaCl/1 mM EDTA) at 
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Fig I TN immunohistochemistry in human breast cancer using the mAb RCB-1. Positive TN staining is widely distributed in tie stroma If 
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Tumor 






size 


No. 


Age 


(cm) 


1 


36 


7.0 


2 


29 


2.7 


3 


75 


3.0 


4 


54 


10.0 


5 


48 


2.1 


6 


77 


1.5 


7 


31 


4.0 


8 


63 


1.5 


9 


69 


2.5 


10 


52 


7.0 


11 


85 


2.2 


12 


34 


4.0 



Table 2 Clinicopathological data in the 12 breast cancer cases with TN-posi tive cancer cells 

Immunohistochemistry 0 



Histology 
(grade) 



Inv.D.* (3) 
Inv.D. (3) 
Inv.D. (2) 
Inv.D. (3) 
Inv.D. (3) 
Inv.D. (3) 
Inv.D. (2) 
Nonl.D. (1) 
Inv.D. (3) 
Inv.D. (3) 
Ad-sq (3) 
Inv.D. (3) 



Lymph node 
metastasis 



Clinical 
stage 



Outcome 
(mo) 



16/25 
12/18 
0/18 
3/10 
1/18 
8/13 
0/11 
0/11 
0/19 
4/19 
4/13 
9/19 



Stromal TN c-erfcB-2 Vimentin ER 



IHb 
Ilia 
II 

Ilia 
II 

Ilia 

II 

I 

II 

Ilia 
Ilia 
Ilia 



Died (27) 
Died (47) 
Died (80) 
Died (5) 
Died (55) 
Died (36) 
Alive 
Alive 
Died (52) 
Died (10) 
Alive 
Died (58) 



+ + 
+ + 

+ + 
+ + 
+ + 

+ 

+ 

+ 

+ + 



+ + 
+ + 



+ + 



-f + 



+ 

+ + 



| Intensity of immunostaining: -, negative; +, positive, ++, strongly positive 
Inv.D.. invasive ductal carcinoma; Nonl.D., noninvasive ductal carcinoma; Ad-sq, adenosquamous < 
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Table 3 TN immunohistochemislry in relation to the clinicopathological characteristics of 210 breast cancer patients 

TN immunohistochemistry" 



Parameter 


CaC(+) 
St(+) 


CaC(-) 
St(+) 


CaC(-) 
St(-) 


Total 


i 

i 

P value* 


No. of patients 


12 


65 


133 


210 


! 


Mean age at diagnosis (yr) 


54.4 


53.9 


55.1 




| 


Mean tumor 










>0.1 


diameter (cm ± SD) 


4.0 ± 2.7 


2.9 ± 1.8 


2.7 ± 1.8 




>0.1 \ 


Lymph node metastasis 










+ 


8 (67%) 


34 (52%) 


49 (37%) 


91 


0.043 




4 (33%) 


31 (48%) 


84 (63%) 


119 


- 0.038 


Clinical stage 










I 


1 (8%) 


12(18%) 


42 (32%) 


55 


0.067 


II 


5 (42%) 


33 (51%) 


61 (46%) 


99 


0.111 


III 


6 (50%) 


20(31%) 


30 (22%) 


56 




c-erbB-2 










+ 


8 (67%) 


19(29%) 


29 (22%) 


56 


o.ooi ; 




4 (33%) 


46 (71%) 


104(78%) 


154 


0.252 


ER status' 










+ 


2 (17%) 


30 (46%) 


72 (54%) 


104 


0.007 




10 (83%) 


31 (48%) 


53 (40%) 


94 


0.279 



"The patients were divided into the following three groups according to the results of TN immunohistochemistry: CaC(cancer cell TNV+Y 
St(stroma TN)(+), CaC(-)/St(+), and CaC(-)/St(-). 7 

b The P value in the upper row for each parameter is that for the comparison between CaQ+)/St(+) and CaC(-)/St(-), and that in the lower 
row is that for the comparison between Ca(-)/St(+) and CaC(-)/St(-). 

c ER levels were not available for 12 patients. 



37°C for 15 min. To remove unhybridized RNA, the sections 
were incubated with 20 u,g/ml RNase A in IX STE at 37°C for 
30 min, followed by one washing in 1 X STE at 37°C for 10 min, 
twice in 2x SSC at 50°C for 10 min, and twice in 0.2 X SSC for 
10 min at 50°C. In situ hybridization signals were detected 
immunohistochemically with alkaline phosphatase-conjugated 
anti-DIG antibody used according to the manufacturer's instruc- 
tions (DIG Nucleic Acid Detection kit; Boehringer Mannheim). 
When satisfactory signals were obtained, the sections were 
washed in 10 mM Tris-HCl/1 mM EDTA, soaked in distilled 
water, and counterstained with 0.1% nuclear fast red. The slides 
were air dried and mounted. 

RESULTS 

Histological Diagnosis. Of the 210 breast cancers, 183 
cases were invasive ductal cancer, 9 were noninvasive intraduc- 
tal cancer, 6 were lobular cancer, and 12 were other types of 
cancer. Microscopic metastasis in axillary lymph nodes had 
been found in 84 patients at surgery. 

Immunohistochemistry. The results of immunostaining 
for TN are summarized in Table 1. Positive staining for TN in 
cancer stroma (Fig. la) was found in 77 of the 210 cases, while 
143 cases were negative (Fig. 16). Further examination of the 77 
TN-positive breast cancers revealed that 12 showed intense 
staining for TN in the cytoplasm of the cancer cells (Fig. lc). 
Histologically, TN-positive cancer cells were often located in 
the margin of cancer nests in contact with the underlying mes- 
enchyme (Fig. Id). Positive reactivity was also demonstrated in 
single cells or small groups of cells in a fibrous stroma. These 
cancers showed a high malignancy in terms of histological 
grading, and included 11 ductal carcinomas and 1 adenosqua- 
mous carcinoma (Table 2). Regional lymph node metastasis was 
found in eight of the 12 patients. Positive TN staining of cancer 



CaC(-)/St(-)(n-133) 




Fig. 2 Overall survival curves for different groups classified by TN 
staining patterns. The cancer cell TN-positive group [CaCY+)/5tf +)], 
showed shorter survival than either of the cancer cell TN-negative 
groups with and without stromal TN [CaC( - )/St( + ), P < 0.05; 
CaC(-ySt(-) t P < 0.001]. The CaC(-)/Sl(-f ) group had a poorer 
outcome than the CaC(-)/St(-) group (P < 0.05). 



cells at a site of metastasis was found in only one case, and the 
other seven were negative. Among these 12 cases, positive 
staining for vimentin in cancer cells was found in 1, and the 
other 11 were negative. The epithelial cells in normal, hyper- 
plastic, and benign neoplastic mammary lesions in the present 
samples showed no significant staining for TN. 

Relationship of TN Immunohistochemistry with Clini- 
copathological Characteristics. The results of analysis of the 
relationship between TN immunohistochemistry and the clini- 
copathological characteristics of the patients are presented in 
Table 3. Compared with the patients with TN-negativc breast 
cancers, those with positive staining of TN in the cancer cell 
cytoplasm showed greater frequency of lymph node involve- 
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Fig. 3 In situ hybridization of human breast cancers using a DIG-labeled cRNA probe for TN mRNA. In an infiltrating ductal carcinoma, a large 
proportion of the stromal cells show positive signals for TN mRNA, but the cancer cells are not labeled (a). Immunoreactive TN is densely deposited 
in the stroma (b). Another carcinoma shows the cancer cells with positive signals for in situ hybridization (c), and the cells are also labeled by TN 
immunohistochemistry {d, arrows). Bar in d, 100 u,m. 
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ment (P = 0.043), c-erbB-2 positivity (P = 0.001), and ER 
negativity (P = 0.007). The cancer cell TN-positive patients 
showed a tendency toward larger tumor diameter and later 
clinical stage (P = 0.067). Stromal TN was also correlated with 
lymph node metastasis (P = 0.038), but showed no significant 
correlation with other characteristics. Fig. 2 shows the survival 
curves for the 210 patients. The cancer cell TN(+) group 
showed shorter survival than the cancer cell TN(-) group 
having either stromal TN(+) status (P < 0.05) or stromal 
TN(-) status (P < 0.001). The stromal TN(+) group also 
showed a poorer outcome than the TN(— ) group (P < 0.05). 

In Situ Hybridization. Nine fresh cancer tissues were 
examined for the expression of TN mRNA by in situ hybrid- 
ization. In six cases, various amounts of mesenchymal cells 
expressing TN mRNA were seen in the cancer stroma (Fig. 3a). 
TN immunohistochemistry showed stromal staining in these 
specimens (Fig. 3b). In four of nine cases, TN mRNA was 
identified in cancer cells often located at the periphery of cancer 
nests adjacent to the mesenchyme (Fig. 3c). In two of these four 
cases, the cytoplasm of the cancer cells was positive for immu- 
noreactive TN (Fig. 3d, arrows). This result confirmed that 
immunohistochemical TN staining of cancer cells denotes TN 
production by the cells themselves. 



DISCUSSION 

In breast cancers, an elevation of c-erbB-2 protein levels 
and this gene amplification have been found to be associated 
with increased tumor grade (31-34). The ER status of the breast 
cancer cells is correlated well with the response to hormonal 
treatment and to some extent with the risk of recurrence, and 
thus overall survival (35, 36). Each of these two factors is 
accepted as a possible prognostic marker in human breast can- 
cer, but it is generally agreed that they do not correlate well with 
each other (31). Comparison of the results for these two param- 
eters suggest that c-erbB-2 is much more effective than ER and 
a rather independent factor (37). In this study, the possible 
utility of TN as a prognostic marker of breast cancers was 
examined. Seventy-seven of 210 breast cancers showed stromal 
staining for TN; the survival of the patients was poorer than that 
in the other 133 stromal TN(-) patients. Among these 77 cases, 
we found 12 also showing TN(-l-) cancer cells; the 5-year 
survival of these patients was extremely poor. Thus, we identi- 
fied TN to be a prognostic marker, especially when it is ex- 
pressed in cancer cells, which permits the discrimination of a 
subgroup at a high risk of early relapse among breast cancer 
patients. However, we found that many of these cases were ER 
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ment (P = 0.043), c-erbB-2 positivity (P = 0.001), and ER 
negativity (P = 0.007). The cancer cell TN-positive patients 
showed a tendency toward larger tumor diameter and later 
clinical stage (P = 0.067). Stromal TN was also correlated with 
lymph node metastasis (P = 0.038), but showed no significant 
correlation with other characteristics. Fig. 2 shows the survival 
curves for the 210 patients. The cancer cell TN(+) group 
showed shorter survival than the cancer cell TN(-) group 
having either stromal TN( + ) status (P < 0.05) or stromal 
TN(-) status (P < 0.001). The stromal TN( + ) group also 
showed a poorer outcome than the TN(-) group (P < 0.05). 

In Situ Hybridization. Nine fresh cancer tissues were 
examined for the expression of TN mRNA by in situ hybrid- 
ization. In six cases, various amounts of mesenchymal cells 
expressing TN mRNA were seen in the cancer stroma (Fig. 3a). 
TN immunohistochemistry showed stromal staining in these 
specimens (Fig. 3b). In four of nine cases, TN mRNA was 
identified in cancer cells often located at the periphery of cancer 
nests adjacent to the mesenchyme (Fig. 3c). In two of these four 
cases, the cytoplasm of the cancer cells was positive for immu- 
noreactive TN (Fig. 3d, arrows). This result confirmed that 
immunohistochemical TN staining of cancer cells denotes TN 
production by the cells themselves. 



DISCUSSION 

In breast cancers, an elevation of c-erbB-2 protein levels 
and this gene amplification have been found to be associated 
with increased tumor grade (31-34). The ER status of the breast 
cancer cells is correlated well with the response to hormonal 
treatment and to some extent with the risk of recurrence, and 
thus overall survival (35, 36). Each of these two factors is 
accepted as a possible prognostic marker in human breast can- 
cer, but it is generally agreed that they do not correlate well with 
each other (31). Comparison of the results for these two param- 
eters suggest that c-erbB-2 is much more effective than ER and 
a rather independent factor (37). In this study, the possible 
utility of TN as a prognostic marker of breast cancers was 
examined. Seventy-seven of 210 breast cancers showed stromal 
staining for TN; the survival of the patients was poorer than that 
in the other 133 stromal TN(-) patients. Among these 77 cases, 
we found 12 also showing TN(+) cancer cells; the 5-year 
survival of these patients was extremely poor. Thus, we identi- 
fied TN to be a prognostic marker, especially when it is ex- 
pressed in cancer cells, which permits the discrimination of a 
subgroup at a high risk of early relapse among breast cancer 
patients. However, we found that many of these cases were ER 
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negative and c-erbB-2 positive. There was also a significant 
relationship of cancer cell TN positivity to lymph node metas- 
tasis. Therefore, TN expression of cancer cells may not be an 
independent parameter. 

It is generally accepted that the mesenchymal cells are the 
cellular source of TN (1, 14, 38, 39). Also, a few investigators 
have reported TN expression in the epithelium. In chick devel- 
oping lung, in situ hybridization demonstrates TN mRNA in the 
most distal epithelial cells of the bronchi as well as the adjacent 
fibroblasts (40, 41). During chick feather morphogenesis, TN 
mRNA is detected initially in the overlying epithelia and then in 
the underlying mesenchyme (42). In these developing tissues, 
however, immunoreactive TN is positive in the basement mem- 
brane and/or the surrounding mesenchyme, but not in the 
epithelia. The results suggest that TN synthesized by the 
epithelium can be released promptly into the extracellular 
space and deposited there. Immunohistochemistry of cancer 
tissues, including comedo carcinomas of the breast (16), 
metastasized prostatic carcinoma in a lymph node (13), and 
squamous cell carcinomas and adenocarcinomas of the lung 
(9), has demonstrated cytoplasmic TN staining, suggesting 
that cancer cells also produce TN. The present results ac- 
quired by in situ hybridization clearly demonstrated TN 
synthesis by cancer cells as well as by the stromal cells. Four 
of the nine cases were positive for TN mRNA, but immuno- 
reactive TN was found in cancer cells in only two of them. 
TN produced by cancer cells may be also released promptly 
into the extracellular space, but a small amount, probably 
caused by extreme overexpression or retardation of its re- 
lease, is retained in the cancer cell cytoplasm. 

Of the various proposed functions of TN, antiadhesion 
would seem to be the most probable (43, 44). Fibroblast attach- 
ment to fibronectin-coated plates is inhibited by TN addition to 
the culture medium in a concentration-dependent manner (45). 
TN released from cancer ceils may loosen adhesions between 
the cells and adhesive extracellular matrix proteins, such as 
fibronectin, and may increase the mobility of cancer cells, with 
resulting increased invasive capacity. The TN function, at least 
partially, could account for the relationship between the TN 
positivity of the cancer cells and the ciinicopathological char- 
acteristics, such as the tendency to larger tumor size and the 
significantly elevated incidence of lymph node metastasis. We 
also found that the outcome associated with TN(+) stroma was 
poor compared with TN(-) stroma, and that lymph node me- 
tastasis occurred more frequently in association with TN(+) 
stroma than with TN(-) stroma. According to this result, stro- 
mal TN in the cancer tissues may promote cancer spreading. Our 
study also indicates that the stromal TN detected by immuno- 
histochemistry could have been secreted from both the cancer 
cells and the stromal cells, a state which may make it more 
complicated to determine TN functions in cancer stroma. There- 
fore, it is necessary to further clarify the TN-secreting cells and 
the timing of deposition during tumor progression. 

ACKNOWLEDGMENTS 

We are grateful to A. Kamimori of Matsusaka Chuo General 
Hospital for technological assistance. 



REFERENCES 

1. Chiquet-Ehrismann, R., Mackie, E. J., Pearson, A. C, and Sakakura, 
T. Tenascin: an extracellular matrix protein involved in tissue interactions 
during fetal development and oncogenesis. Cell, 47: 131-139, 1986. 

2. Ekblom, P., and Aufderheide, E. Stimulation of tenascin expression 
in mesenchyme by epithelial-mesenchymal interactions. Int. J. Dev. 
Biol., 33: 771-779, 1989. 

3. Erickson, H. P., and Bourdon, M. A. Tenascin: an extracellular 
matrix protein prominent in specialized embryonic tissues and tumors. 
Annu. Rev. Cell Biol., 5: 71-92, 1989. 

4. McComb, R. D., and Bigner, D. D. Immunolocalization of mono- 
clonal antibody-defined extracellular matrix antigens in human brain 
tumors. J. Neurooncol., 3: 181-186, 1985. 

5. Riedl, S. E., Faissner, A., SchJag, P., Herbay, A. V., Koretz, K., and 
Moller, P. Altered content and distribution of tenascin in colitis, colon 
adenoma, and colorectal carcinoma. Gastroenterology, 103: 400-406, 
1992. 

6. Sakai, T., Kawakatsu, H., Hirota, N., Yokoyama, T., Sakakura, T., 
and Saito, M. Specific expression of tenascin in colonic neoplasms. Br. 
J. Cancer, 67: 1058-1064, 1993. 

7. Van Eyken, P., Sciot, R., and Desmet, V. J. Expression of novel 
extracellular matrix component tenascin in normal and diseased human 
liver: an immunohistochemical study. J. Hepatol., 11: 43-52, 1990. 

8. Yamada, S., Ichida, T. Matsuda, Y, Miyazaki, Y., Hatano, T., Hata, 
K., Asakura, H., Hirota, K, Geerts, A., and Wisse, E. Tenascin expres- 
sion in human chronic liver disease and in hepatocellular carcinoma. 
Liver, 12: 10-16, 1992. 

9. Soini, Y., Paakoo, P., Nourva, K., Kamel, D., Linnala, A, Virtanen, 
I., and Lehto, V-P. Tenascin immunoreactivity in lung tumors. Am. J. 
Clin. Pathol., 100: 145-150, 1993. 

10. Natali, P. G., Nicotra, M. R., Bigotti, A., Botti, C, Castellani, P., 
Risso, A. M., and Zardi, L. Comparative analysis of the expression of 
the extracellular matrix protein tenascin in normal human fetal, adult 
and tumor tissues. Int. J. Cancer, 47: 811-816, 1991. 

11. Vollmer, G. 5 Siegal, G. P., Chiquet-Ehrismann, R., Lightner, V. A., 
Arnholdt, H., and Knuppen, R. Tenascin expression in the human 
endometrium and in endometrial adenocarcinoma. Lab. Invest., 62: 
725-730, 1990. 

12. Anbazhagan, R., Sakakura, T„ and Gusterson, B. A. The distribu- 
tion of immuno-reactivc tenascin in the epithelial-mesenchymal junc- 
tional areas of benign and malignant squamous epithelia. Virchows 
Arch. B Cell Pathol., 59: 59-63, 1990. 

13. Ibrahim, S. N., Lightner, V. A., Ventimiglia, J. B., Ibrahim, G. K., 
Walther, P. J., Bigner, D. D., and Humphrey, P. A. Tenascin expression 
in prostatic hyperplasia, intraepithelial neoplasia, and carcinoma. Hum. 
Pathol., 24: 982-989, 1993. 

14. Mackie, E. J., Chiquet-Ehrismann, R., Pearson, C. A., Inaguma, Y., 
Taya, K., Kawarada, Y., and Sakakura, T. Tenascin is a stromal marker 
of epithelial malignancy in the mammary gland. Proc. Natl. Acad. Sci. 
USA, 84: 4621-4625, 1987. 

15. Koukolis, G. K., Gould, V. E., Bhattacharyya, A., Gould, J. E., 
Howeedy, A. A., and Virtanen, I. Tenascin in normal, reactive, hyper- 
plastic, and neoplastic tissues. Hum. Pathol, 22: 636- 643, 1991. 

16. Howeedy, A. A., Virtanen, I., Laitinen, L., Gould, M. S., Koukolis, 
G. K., and Gould, V. E. Differential distribution of tenascin in the 
normal, hyperplastic, and neoplastic breast. Lab. Invest., 63: 798-806, 
1990. 

17. Sakakura, T., Ishihara, A., and Yatani, R. Tenascin in mammary 
gland development: from embryogenesis to carcinogenesis: in: M. Lipp- 
man and R. Dickson (eds.). Regulatory Mechanisms in Breast Cancer, pp. 
383-400. Dordrecht, the Netherlands: Kluwer Academic Publishers, 1991. 

18. Shoji, T., Kamiya, T., Tsubura, A., Hamada, Y., Hatano, T, Hioki, 
K., and Morii, S. Tenascin staining positivity and the survival of patients 
with invasive breast carcinoma. J. Surg. Res., 55: 295-297, 1993. 

19. Sugawara, I., Hirakoshi, J., Masunaga, A., Itoyama, S., and 
Sakakura, T. Reduced tenascin expression in colonic carcinoma with 
lymphogenous metastasis, invasion Metastasis, 11: 325-331, 1991. 



20. Steind 
Boundarie; 
cerebral a 
sory cortic 

21. Lights 
are an im] 
breast tisst 

22. Hiraiv 
tenascin in 
1993. 

23. Sakak 
cancer dev 

24. Scarff 
mors, pp. 

25. Bloon 
prognosis 

26. Eahrs, 
2, pp. 127 

27. Cox, I 
187-202, 

28. Kapla 
plete obse 

29. Oike, 
Suzuki, T 
characteri; 
glycoprote 
309-317, 

30. Tsuka 
with non-j 
ization of 
Dev. Biol. 

31. Slamc 
and McGi 
survival w 
ington DC 

32. Vane 
C, Peters 
oncogene 
accompan 
Cell. Biol 

33. Varle 
Walker, 1 



Clinical Cancer Research 1041 



A. C, and Sakakura, 
I in tissue interactions 
131-139, 1986. 

tenascin expression 
ictions. Int. J. Dev. 

in: an extraceliular 
tissues and tumors. 

alization of mono- 
ns in human brain 

V., Koretz, K., and 
'in in colitis, colon 
?y, 103: 400-406, 

» T., Sakakura, T., 
nic neoplasms. Br. 

pression of novel 
d diseased human 
• 43-52, 1990. 
Hatano, T., Hata, 
Tenascin expres- 
liular carcinoma. 

*la, A., Virtanen, 
? tumors. Am. J. 

Castcllani, P., 
ie expression of 
man fetal, adult 

Lightner, V. A., 
in the human 
»b. Invest., 62: 

^ The distribu- 
'nchymaJ junc- 
dia. Virchows 

brahim. G. K., 
■On expression 
cinoma. Hum. 



20. Sieindler, D. A., Cooper, N. G. F., Faissner, F., and Schachner, M. 
Boundaries defined by adhesion molecules during development of the 
cerebral cortex: the J 1 /tenascin glycoprotein in the mouse somatosen- 
sory cortical barrel field. Dev. Biol., 131: 243-260, 1989. 

21. Lightner, V. A., Marks, J. R., and McCachren, S. M. Epithelial cells 
are an important source of tenascin in normal and malignant human 
breast tissue. Exp. Cell Res., 210: 177-184, 1994. 

22. Hiraiwa, N., Kida, H., Sakakura, T., and Kusakabe, M. Induction of 
tenascin in cancer cells by a diffusible factor. J. Cell Sci., 104: 289-296, 
1993. 

23. Sakakura, T., and Kusakabe, M. Can tenascin be redundant in 
cancer development? Perspect. Dev. Neurobiol., 2: 111-116, 1994. 

24. Scarff, R. W., and Torloni, H. Histological Typing of Breast Tu- 
mors, pp. 15-25. Geneva: World Health Organization, 1982. 

25. Bloom, H. J. G., and Richardson, W. W. Histological grading and 
prognosis in breast cancer. Br. J. Cancer, 77: 359-377, 1957. 

26. Eahrs, O. H., and Myers, M. H. Manual for Staging for Cancer, Ed. 
2, pp. 127-133. Philadelphia: J. B. Lippincott Co., 1983. 

27. Cox, D. R. Regression models and life tables. J. R. Stat. Soc. B., 34: 
187-202, 1972. 

28. Kaplan, E., and Meier, P. Nonparametric estimation from incom- 
plete observation. J. Am. Stat. Assoc., 53: 457-481, 1958. 

29. Oike, Y., Hiraiwa, S., Kawakatsu, H., Nishikai, M., Okinaka, T., 
Suzuki, T., Okada, A., Yatani, R., and Sakakura, T. Isolation and 
characterization of human fibroblast tenascin. An extracellular matrix 
glycoprotein of interest for developmental studies. Int. J. Dev. Biol., 34: 
309-317, 1990. 

30. Tsukamoto, T., Kusakabe, M., and Saga, Y. In situ hybridization 
with non-radioactive digoxigenin-1 1 -UTP-labeled cRNA probes: local- 
ization of developmentally regulated mouse tenascin mRNAs. Int. J. 
Dev. Biol., 35: 25-32, 1991. 

31. Slamon, D. J,, Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., 
and McGuire, W. L. Human breast cancer: correlation of relapse and 
survival with amplification of the HER-2/neu oncogene. Science (Wash- 
ington DC), 235: 177-182, 1987. 

32. Van de Vijver, M., Van de Bersselaar, R., Devilee. P., Cornelisse, 
C, Pctcrse, J., and Nusse, R. Amplification of the neu (c-erbB-2) 
oncogene in human mammary tumours is relatively frequent and is often 
accompanied by amplification of the linked c-erb& oncogene. Mol. 
Cell. Biol., 7: 2019-2023, 1987. 

33. Varley, J. M., Swallow, J. E., Brammar, W. J., Whittaker, J. L., and 
Walker, R. A. Alterations to either c-^B-2(neu) or c-myc proto- 



oncogenes in breast carcinomas correlate with poor short-term progno- 
sis. Oncogene, 7: 423-430, 1987, 

34. Venter, D. J., Tuzi, N. L., Kukar, S., and Gullick, W. J. Overex- 
pression of the c-erbB-2 oncoprotein in human breast carcinomas: 
Immunohistochemical assessment correlates with gene amplification. 
Lancet, 2: 69-72, 1987. 

35. Knight, W. A., Livingston, R. B., Gregory, E. J., and McGuire, 
W. L. Estrogen receptor as an independent prognostic factor for early 
recurrence in breast cancer. Cancer Res., 37: 4669-4671, 1977. 

36. Hahnel, A., Woodings, T., and Vivian, A. B. Prognostic value of 
estrogen receptors in primary breast cancer. Cancer (Phila.), 44: 671- 
675, 1979. 

37. McCann, A. H., Dervan, P. A, O'Regan, M., Codd, M. B., Gullick, 
W. J., Tobin, B. M. J., and Carney, D. N. Prognostic significance of 
c-erbB-2 and estrogen receptor status in human breast cancer. Cancer 
Res., 57: 3296-3303, 1991. 

38. Inaguma, Y., Kusakabe, M., Mackie, E. J., Pearson, C. A., Chiquet- 
Ehrismann, R., and Sakakura, T. Epithelial induction of stromal tenascin 
in the mouse mammary gland: from embryogenesis to carcinogenesis. 
Dev. Biol., 725: 245-255, 1988. 

39. Natali, P. G. ? Nicotra, M. R., Bortolazzi, A., Mottolese, M., Coscia, 
N., Bigotti, A., and Zardi, L. Expression and production of tenascin in 
benign and malignant lesions of melanocyte lineage. Int. J. Cancer 46- 
586-590, 1990. 

40. Koch, M., Wehrle-Haller, B„ Baumgarten, S., Spring, J., Bru- 
bacher, D., and Chiquet, M. Epithelial synthesis of tenascin at tips of 
growing bronchi and graded accumulation in basement membrane and 
mesenchyme. Exp. Cell Res., 194: 297-300, 1991. 

41. Priet, A. L., Jones F. S., Cunningham, B. A., Crossin, K. L., and 
Edelman, G. M. Localization during development of alternatively 
spliced forms of cytotactin mRNA bv in situ hybridization. J. Cell Biol., 
777: 685-698, 1990. 

42. Tucker, R. P. The sequential expression of tenascin mRNA in 
epithelium and mesenchyme during feather morphogenesis. Rou'x 
Arch. Dev. Biol., 200, 108-112, 1991. 

43. Sage, E. H., and Bornstein, P. Extracellular proteins that modulate 
cell-matrix interactions. J. Biol. Chem., 266: 14831-14834, 1991. 

44. Chiquet-Ehrismann, R. Anti-adhesive molecules of the extracellular 
matrix. Curr. Opin. Cell Biol., 3: 800-804, 1991. 

45. Chiquet-Ehrismann, R., Kalla, P., Pearson, C. A., Conrad, B., and 
Chiquet, M. Tenascin interferes with fibronectin action. Cell, 53: 383- 
390, 1988. 



. Inaguma, Y., 
tromal marker 
itl. Acad. Sci. 

Gould, J. E., 
■ctive, hyper- 
3, 1991. 

$., Koukolis, 
lascin in the 
3: 798-806, 



n mammary 
r n: M. Upp- 
: Cancer, pp. 
tshers, 1991. 
>, T., Hioki, 
1 of patients 
, 1993. 

a, S., and 
noma with 
!. 1991. 



British Journal of Cancer ( 1 998) 78( 1 1 ). 1 507-1 5 1 3 
© 1998 Cancer Research Campaign 



87) Serum neuron- 
mr. Lancet \: 8524 

Aouta D. Bashir 
serum tissue 
incer. Eur J Cancer 

ins in smooth 
»v 12: 558-561 
D. Bieglmayer C, 
lediairic patients: 

uycr C. Horcher E 
trie malignancies. 

in A-C 

i R and Jornvall H 
.ecific-antigen 
Um hvm 241: 

Differentia! 
elopmem 124: 

nd Miyauchi J 
: risk factors for 
05 

■ly. dynamics. 
AtoxkeU'ton 19: 

stic (ROC) 
■nChem 39: 



Tenascin-C expression in invasion border of early breast 
cancer: a predictor of local and distant recurrence 

T Jahkola 1 , T Toivonen 2 , 1 Virtanen 3 , K von Smitten 1 , S Nordling 4 , K von BoguslawskH, C Haglund 5 , H Nevanlinna 6 , 
and C Blomqvist 7 

fourth Department of Surgery, University of Helsinki, Helsinki, Finland; department of Pathology, Kymenlaakso Central Hospital. FIN-48210 Kotka, Finland; 
Departments of 3 Anatomy, Institute of Biomedicine, and "Pathology, Haartman Institute, FIN-00014 University of Helsinki; 5 Second Department of Surgery, 
University of Helsinki. FIN-00290 Helsinki; Departments of 6 Obstetrics and Gynecology and 7 Oncology, Helsinki University Central Hospital, FIN-00290 Helsinki, 
Finland 

Summary We have recently demonstrated an association between distant metastasis and the expression of the extracellular matrix 
glycoprotein tenascin-C (Tn-C) in the invasion border of small axillary node-negative breast carcinomas. Our purpose was to assess the 
relationship between the expression of Tn-C in the tumour invasion border and several histopathological and biological variables and to 
compare their usefulness in predicting local and distant disease recurrences. The original patient group consisted of 143 women with axillary 
node-negative breast cancer (one bilateral) treated with breast-conserving surgery and post-operative radiotherapy, and followed for a 
median of 8 years. Because of the small number of recurrences an additional group of 15 similarly treated women with recurrent breast 
cancer was also studied. The size of the tumour, its histology, including a possible intraductal component, and grade were re-evaluated. The 
expression of erbB-2, p53, Ki-67 and Tn-C was evaluated by immunohistochemistry. Ploidy and S-phase fraction (SPF) were assessed by 
flow cytometry. The only statistically significant prognostic factor for local recurrence was Tn-C expression in the invasion border. For 
metastasis Ki-67 positivity, tumour size and Tn-C expression in the invasion border were statistically significant, but Ki-67 positivity was the 
only independent prognostic factor. Tn-C expression in the invasion border was associated with a higher proliferation rate measured by Ki-67 
and SPF, which is consistent with the suggested growth-promoting activity of Tn-C. Tn-C may be a useful marker in selecting patients for 
adjuvant therapies to reduce the rate of both local and distant cancer recurrences. 

Keywords: tenascin-C; early breast cancer; metastasis; breast-conserving surgery; local recurrence 



Tenascin-C (Tn-C) is an extracellular matrix glycoprotein 
expressed transiently during embryogencsis, inflammation and 
malignancy. It is variably present in the basement membrane 
region of some adult cpithclia and enhanced periductal ly next to 
the basement membrane in intraductal carcinoma of the breast. 
In infiltrating breast carcinoma Tn-C is expressed deeper in the 
stroma (Ferguson et al, 1990: Howeedy et al, 1990). Cell culture 
experiments suggest that Tn-C promotes cell growth by 
augmenting the mitogenic effect of fibroblast growth factor and 
that it is a prerequisite for epidermal growth factor-induced prolif- 
eration (Sakakura et al, 1991 ; Jones et al, 1997). The most consis- 
tent function of Tn-C seems to be that it decreases cell adhesion, 
and therefore it has been speculated that Tn-C could promote 
cancer cell invasion and metastasis (Sakakura et al, 1991; Yoshida 
et al. 1995). In our recent study of axillary node-negative breast 
cancer none of the tumours that did not express Tn-C in the stroma 
(15/137) recurred. Eight out of the II tumours that developed 
distant metastases within 5 years expressed Tn-C in the invasion 
border (Jahkola et al, 1996). This association between the expres- 
sion of Tn-C in the invasion area of small node-negative breast 
cancers and distant metastases suggests a role in tumour spread. 
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Breast cancer is a heterogeneous disease with different histo- 
logical types and various biological features. Several parameters 
of malignancy have been proposed as prognostic markers. 
Theoretically proliferation activity, genetic instability and markers 
of tumour invasion capacity indicate a more aggressive disease. In 
addition, rapid tumour growth also suggests a better response to 
chemotherapy. Tumour size and axillary nodal status are still 
important in predicting the outcome of breast cancer (Fisher et al, 
1 993). Metastatic tumour in axillary lymph nodes is the main crite- 
rion for adjuvant treatment. However. 10-30% of axillary node- 
negative patients develop distant metastases (EBCTCG, 1992). The 
value of prognostic markers in axillary node-negative patients is 
controversial and at present there is no agreement on any single 
prognostic factor strong enough to select patients with node-nega- 
tive breast cancer for adjuvant therapies (Mansour et al. 1994). 

Breast-saving surgery is the treatment of choice when the tumour 
is unifocal or confined to one quadrant, and a good aesthetic result 
can be achieved. Post-operative radiotherapy reduces the risk of 
local recurrence from 30% to 5% but does not improve survival 
(EBCTCG. 1995; Fisher et al. 1995). Adjuvant systemic treatment 
seems to prevent local recurrences (Haffty et al, 1991; Fisher et al, 
1995). Patients with a local recurrence have an increased risk of 
distant metastases (Whclan et ah 1994; Veronesi et al, 1995). 
Moreover it causes psychological morbidity and is usually treated 
with mastectomy. There is a need to investigate optional or addi- 
tional treatment modalities such as more effective systemic thera- 
pies for women with a risk of local recunence after limited surgery 
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and irradiation (Gelber and Coldhirsch. 1994). Attempts have 
also been made to find a subgroup of low-risk patients who do not 
need radiotherapy (Clark et al, 1992; Veronesi et al, 1993; Liljegren 
etal, 1994). 

The aim of this work was to assess the relationship between the 
expression of Tn-C in the tumour invasion border and several 
histopathological and biological variables, and to compare their 
usefulness in predicting local and distant disease recurrences. All 
patients had undergone breast-conserving surgery and post-opera- 
tive radiotherapy for node-negative breast cancer. Because the 
number of recurrences was low we extended the study to recurrent 
cases in another node-negative patient group treated in the same 
way. Other parameters studied were age, histology of the tumour, 
including a possible intraductal component, grade and size. An 
immunohistochemical analysis of erbB-2 oncoprotein. p53-protein 
and Ki-67 antigen, as well as ploidy and SPF determination by 
flow-cytometry, was also performed. 

PATIENTS AND METHODS 

Original group of patients with breast-saving treatment 

The original group consisted of 143 women with 144 node- 
negative breast cancers (one bilateral) treated with breast-saving 
surgery and axillary dissection at the Maria Hospital of Helsinki 
(55 patients) and the Fourth Department of Surgery of the Helsinki 
University Central Hospital (HUCH) (88 patients) in 1985-89. 
Patients chosen for breast preservation presented preoperative^ 
with a clinically unifocal T1N0 (2 cm or less in diameter) tumour 
without any cancer involvement at the resection margin found at 
surgery. A clear resection margin was defined as 5 mm or more of 
normal tissue measured histologically. Patients with narrower 
margins were referred to re-resection or mastectomy. 
Mastectomized patients were excluded from the study. All women 
received post-operative radiotherapy (25 times 2 Gy) at the 
Department of Oncology of HUCH but no adjuvant chemotherapy 
or hormonal therapy. The median follow-up time was 7.8 years, 
range 5.4-1 1.4 years. 

Additional breast cancer patients with recurrent 
disease 

In 1985-90 238 women with axillary node-negative breast cancer 
(not already included in the original study) were treated similarly 
and referred to the Department of Oncology of HUCH for radio- 
therapy. Twenty-six (11%) of these had had a disease recurrence. 
The rates of both local relapse (15/238, 6%) and distant metastasis 
(16/238, 1%) at 5-year follow-up were comparable with those in 
the original patient group, in which 4% had local recurrences and 
8% distant metastases (Jahkola et aL 1996), suggesting an equal 
standard of treatment. Paraffin-embedded specimens were avail- 
able from 15 out of 26 tumours that recurred: seven local recur- 
rences and II distant metastases, three patients having both. These 
15 patients formed the new patient material. A comparison between 
the patient groups with recurrent disease is presented in Table 1 . 

Tumour samples and pathological parameters 

Sections of paraffin-embedded tissue specimens of the primary 
tumours were reviewed and classified for histology, grade and 
size. The extent of the intraductal component (ductal carcinoma in 
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Table 1 Characteristics of the relapsed cases of the original and new 
patient groups 

Original patients New patients F-value 



Number of patients 17 15 

Age of patients (years) 



(VH3VI0I 1 


50.5 


50.7 


0.44 a 


Range 


37.5—72.5 


30 2-70 6 




Distant metastasis 


14 


11 


0.68 


Local relapse 


7 


7 


>0.99 


Breast 


6 


6 




Axilla 


1 


1 




Death of breast cancer 


9 


6 


0.21 


Histology 








Ductal 


11 


11 




Lobular 


5 


3 




Others 


1 


1 


0.83" 


Grade 








i 


4 


5 




2 


2 


3 




3 


5 


3 


0.67" 


Tumour size (mm) 








Median 


15.0 


13.5 


0.23° 


Range 


1-25 


7-23 




DCIS + 


7 


4 




DCIS- 


10 


11 


0.47 


EIC + 


1 


1 




EIC- 


16 


14 


>0.99 


Comedo-type DCIS 


1 


1 


>0.99 


eruD-t + 


2 


Not performed 




eroo-c — 


1 ^ 


Not nprformpH 




p53 + 


2 


3 




p53- 


13 


10 


0.64 


Ki-67 + 


11 


10 




Ki-67 - 


3 


4 


0.69 


SPF high 


7 


10 




SPF low 


7 


3 


0.24 


Aneupfoid 


3 


4 




Diploid 


11 


11 


>0.99 


Expression of Tn-C in 








invasion border 








+ 


10 


9 






2 


2 


>0.99 



a Mann-Whitney U-test. ^Chi-square test. Other associations assessed by 
Fisher's exact test. 



situ; DCIS) was recorded. It was called extensive (EIC) if DCIS 
comprised 25% or more of the tumour area encompassed by the j 
infiltrating tumour and DCIS was also present in the surrounding j 
tissue (Schnitt et al, 1987). The grade of the ductal carcinomas was . 
assessed according to Bloom and Richardson (1957). Tumour size ! 
was measured in the histological sections and varied from 1 to 
26 mm. The whole cross-section of the tumour was examined in 
most cases. In prognostic studies with immunohistochemistry and j 
flow cytometry 6-11% of the samples could not be interpreted 
because of technical failures or the fact that there was too little | 
malignant tissue left. The assessment of histopathological and j 
prognostic parameters was performed blinded to patient outcome. 
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Immunohistochemical analysis of Tn-C, p53 protein, 
Ki-67 antigen and erbB-2 protein 

The monoclonal, antibody 143BD7 against Tn-C was characterized 
previously (Tiitta et al, J 992) and the detection and evaluation of 
Tn-C in the invasion border of breast cancer by immunohisto- 
chemistry has been described (Jahkola et al, 1996). In short 
tumours expressing Tn-C in the area of invasion with adjacent 
normal tissue clearly visible were called Tn-C positive (Figure 1). 
An invasion border of the tumour could be identified in 121 out of 
the 159 tumours. In the rest, the invasion border was not included 
in available specimens. 

The monoclonal antibody to p53 protein (clone DO-7) and poly- 
clonal anti-human Ki-67 were purchased from Dako (Glostrup, 
Denmark). The optimal working dilutions were determined by 
serial dilutions and was 1:300 for anti-p53 and 1:500 for anti-Ki- 
67. Mouse monoclonal antibody E2-4001 raised against the intra- 
cytoplasmic domain of the human erbB-2 antigen was obtained 
from Molecular Oncology, Gaithersburg, MO, USA. A final 
concentration of 6 ng ml-' (dilution 1:20) in the working solution 
was used. p53 and Ki-67 primary antibodies were applied 
overnight and erbB-2 antibody for 2 h at room temperature in 
humidified chambers. 

For immunostaining 4-jitm-thick paraffin sections were cut and 
mounted on 3-aminopropyl-triethoxy-silane (APES) (Sigma St 
Louis, MO, USA)-coated slides and treated in a microwave oven 
as described previously (Victorzon, 1996). 

Immunohistochemistry was performed using the anti-alkaline 
phosphatase method as described (Jahkola et al, 1996) or the 
avidin-biotin complex (ABC) immunoperoxidase technique 




SST/li E) ? I re K S ! 0n ° f tenascj,vC in toe invasion border of infiltrating 
:ome. ductal (A) and lobular (B) carcinoma of the breast 
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applying a commercial Elite ABC Kit (Vectastain, Vector 
Laboratories, Burlingame, CA, USA), also described previously 
(Victorzon, 1996). J 
The level of immunoreactivity of p53 and Ki-67 antigens was 
expressed as the percentage of positive cancer cell nuclei 
Interpreting erbB-2 staining, all tumours with positive cell 
membranes were scored positive. The p53 staining could be inter- 
preted tn 143/159 (90%), the Ki-67 staining in 141/159 (89%) and 
the erbB-2 staining in 142/144 (99%) of the tumours. The anti- 
erbB-2 antibody E2-4001 was no longer available when the new 
material of 15 tumours was tested. 

Ploidy and S-phase fraction determined by flow 
cytometry 

A modification of the method of Hedley et al (1983) was applied 
(Hcdley et al, 1983). In brief, two 50-^xm-thick sections were 
treated with 10 mg ml-' proteinase K (Sigma) for 30 min at room 
temperature. After filtration, the nuclei were treated with 
RNAase (10 mg mH) and stained with 25 ug ml-' ethidium 
bromide (Sigma) for at least I h. The DNA was determined by 
flow cytometry (FACScan. Becton Dickinson, Mountain View 
CA, USA) using 15-mW excitation at 488 nm, and the total 
emission above 560 nm was recorded. As the staining intensity 
of fixed nuclei varies from one sample to another, no internal 
standard was added. The lowest peak was assigned a DNA index 
(DI) value of 1.00 and the DI values of other peaks were calcu- 
lated with this as a reference. Therefore, possible hypodiploid 
peaks were identified as diploid and the normal diploid peak as 
hyperd.ploid. The S-phase fraction (SPF) was calculated either 
using the Cellfit program of the FACScan flow cytometer or 
manually by a modified rectilinear method. If the automatic and 
the manual methods gave different results, the lower SPF was 
chosen. Usually, the manual method gave a lower result, because 
it was only applied in those tumours in which it was felt that the 
automatic method gave too high a SPF. e.g. when there was a 
skewness to the right of the G, peak. If the sample contained less 
than 15% aneuploid cells, the SPF was not calculated. At least 
10 000 nuclei from each specimen were analysed. DNA ploidy 
could be determined in 150/159(94%) and SPF in 147/159 of the 
tumours (92%). 

Statistical methods 

Chi-square test. Fisher's exact test and Mann- Whitney (/-test were 
used to test for association between variables and possible differ- 
ences between patients with relapses in the original and in the new 
patient groups. Metastasis-free survival (MFS) in the original 
patient group according to each prognostic parameter was esti- 
mated with the Kaplan-Meier method. The statistical significance 
of differences in outcome between patients with or without a prog- 
nostic factor were calculated in the overall patient group (original 
and additional patients combined) using the Cox proportional 
hazard model to compute the hazard ratios of disease recurrence 
The statistical significance of the effect of the continuous variables 
on disease recurrence was also tested with the Cox proportional 
hazard model with the variable to be tested as the only covariate 
The multivariate analysis for metastasis was performed with the 
Cox proportional hazard model entering the variables significant 
in the univariate analysis. Two-sided lvalues smaller than 0 05 
were considered significant. 
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Assignment of cut-off values 

The median size of 13 mm was chosen to dichotomize the study 
group. The median age at operation of all patients was 51.9 years. 
For analysis the patients were divided into two groups, 50 years or 
older or less than 50 years. The median SPF of diploid (2.4%) and 
the median SPF of aneuploid tumours (8.4%) were used as cut-off 
values. A cut-off value of 20% positive nuclei was used for p53. 
For Ki-67 5-15% positive expression in the nuclei was called 
weak (+), 16-29% moderate (++) and 30% or more strongly posi- 
tive (+++)• Because there was no difference in metastasis between 
Ki-67 +. ++ and +++ tumours, the classification was simplified by 
combining these classes into one Ki-67-positive category of 5% or 
more of positive nuclei. Five per cent was also the median of 
Ki-67 immunostaining. The cut-off values for prognostic factors 
presented here were also used when analysing local recurrences 
after breast-saving surgery. 

RESULTS 

Association of Tn-C in the invasion border with other 
variables 

The expression of Tn-C at the site of invasion was correlated with 
a higher proliferation rate measured by the expression of Ki-67 
antigen (> 5% positive nuclei) (P = 0.03) and a high SPF (P = 
0.004). There was also an association with tumours not comprising 
an intraductal component (P - 0.04) (Table 2). 

Rate and time of distant and local recurrences 

The median follow-up of patients in the original study group was 
7.8 years (range 5.7-11.4 years). Seven local relapses occurred 
(5%). six in the ipsilateral breast and one in the axilla. In addition, 
one patient had had an angiosarcoma in the treated breast. One 
mastectomy was performed because of a painful post-radiation 



Table 2 Association of Tn-C in invasion border with other prognostic factors 
in axillary node-negative breast cancers 





All tumours (%) 


Tn-C-positive 
invasion border 
(%) 


Chi-square 
P-vaiue 


All 


121* 


63 (52) 




DCIS + 


43 


17(40) 




DCIS- 


78 


46 (59) 


0.04 


EIC + 


6 


4(67) 




EIC- 


115 


59 (51) 


0.46 


erbB-2 + 


7 


3(43) 




erbB-2 - 


103 


51 (50) 


0.73 


p53 + 


19 


11 (58) 




p53- 


92 


47 (51) 


0.59 


Ki-67 + 


65 


40 (62) 




Ki-67 - 


45 


18(40) 


0.03 


SPF high 


62 


40 (65) 




SPF low 


51 


19(37) 


0.004 


Aneuploid 


44 


23(52) 




Diploid 


72 


37 (51) 


0.93 



«An invasion border was present in 121 tumours out of the 159 in the archival 
specimens available. 



mastitis, and one mastectomy with immediate reconstruction 
because of a poor cosmetic result. One cancer developed in the 
contralateral breast. Distant metastasis occurred in 14 women 
(10%), four of whom also had a local recurrence. The median time 
of local recurrence was 2.9 years (range 1 .3-6.9 years) and that of 
distant metastasis 3.6 years (range 0.7-8.2 years) in the overall 
patient group. 

Metastasis-free survival in the original patient group 
and prognostic factors 

The 8-year metastasis-free survival (MFS) was 89% in the original 
patients. Age, histology, grade, erbB-2. p53, SPF and ploidy did 
not predict metastasis significantly in a univariate analysis. The 
MFS in tumours 13 mm or smaller was 94%, and 86% in those 
larger than 13 mm (P = 0.01). The MFS in Ki-67-positivc tumours 
was 84% and 96% in Ki-67-negative ones (P = 0.04). When Tn-C 
was expressed in the invasion border the MFS was 84% compared 
with 98% when there was no such expression (P = 0.03). 

Prognostic factors of distant and local recurrence in 
the overall patient group 

In univariate analysis for metastasis, size (P = 0.05), SPF of 
diploid tumours (P = 0.0001) and Ki-67 (P = 0.03) were signifi- 
cant prognostic factors, whereas grade (P = 0.18), age (P = 0.51), 
SPF of aneuploid tumours (P = 0.77) or of all tumours as a group 
(P = 0.73) and p53 (P - 0.90) failed to show prognostic power as 
continuous variables. The prognostic comparison of the catego- 
rized variables is presented in Table 3. In addition, when the 
diploid tumours were dichotomized to low and high SPF, the rela- 
tive risk for metastasis in the high group was 3.16 (P = 0.05), 
whereas there was no such difference in the aneuploid tumours. 
Tn-C in the invasion border was statistically significant in 
predicting metastasis, and for local recurrence it was the only 
statistically significant prognostic factor (Table 3) with a hazard 
ratio of 11.0,0 1.4-85.1, P = 0.02. 

The hazard ratio of metastasis in patients with a tumour larger 
than 13 mm was 2.6, CI 1.1-5.9, P = 0.02. in those with Ki-67- 
positive tumours 5.5, CI 1.6-18.7, P = 0.006, and in those 
with tumours with Tn-C expression in the invasion border 3.4. 
CI 1.1-10.4, P = 0.03 (Table 3). When these three variables were 
introduced in a multivariate analysis, Ki-67 remained the only 
independent prognostic factor for metastasis (Table 4). 

DISCUSSION 

Tn-C is produced by normal mesenchymal and epithelial cells as 
well as some carcinoma cells (Ughtner et al, 1994; Ishihara et al, 
1995). Tn-C produced by carcinoma cells has been suggested to 
facilitate the spreading of the carcinoma (Ishihara et al, 1995). Our 
recent observation suggests that the expression of Tn-C at the 
active site of epithelial-stromal invasion indicates a more aggres- 
sive disease (Jahkola et al, 1996). The present study shows that the 
expression of Tn-C at the site of invasion is correlated with a 
higher proliferation rate measured by flow cytometric analysis of 
SPF and the immunohistochemical detection of Ki-67 antigen, 
which gives further support to the active role of Tn-C in cancer 
dissemination. 

Tumour size is a well-known risk factor in node-negative breast 
cancer for both distant and local recurrence. In a large study of 
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Age <50 \ 
Age >50 y 

Histology 
Ductal 
Lobular 
Others 

DCIS + 
DCIS- 

EIC + 
EIC- 

Grade* 
1 
2 
3 

Size >13r 
Size <13n 

erbB-2 + c 
erbB-2 - 

p53 + d 
p53- 

Ki-67 +« 
Ki-67 - 

SPF high f 
SPF low 

Aneuploid 
Diploid 

Expressior 
in invasion 
border 
+ 



a Others: t\A 
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Table 3 Distributions ol prognostic factors and hazard ratios (HRs) for local recurrence and metastasis in 1 58 women with 159 axillary node-negative breast 
cancers treated with breast-saving surgery and post- operative radiotherapy 



Number of 
tumours 



HR for local 
recurrence 



F-vatue 



HRfor 
metastasis 



P-value 



Age <50 years 
Age >50 years 

Histology* 
Ductal 
Lobular 
Others 

DCIS + 
DCIS- 

EIC + 
EIC- 

Grade b 
1 
2 
3 

Size >13 mm 
Size <13 mm 

erbB-2 + c 
erbB-2 - 

p53 + c 
p53- 

Ki-67 +• 
Ki-67- 

SPF high' 
SPF low 

Aneuploid 
Diploid 

Expression of Tn-C 
in invasion 
border 



56 
103 

95 
35 
29 

57 
102 

12 
147 

51 
34 
26 

66 
91 

11 

131 

22 
121 

80 
61 

73 
72 

55 
95 



63 
58 



1.0 
0.95 

1.0 
1.0 
0.34 

1.0 
0.77 

1.0 
1.04 

1.0 
1.0 
2.86 

1.0 
0.80 



1.0 
0.88 

1.0 
0.69 

1.0 
1.37 

1.0 
1.82 



1.0 
0.09 



0.93 (NS) 

0.30 (NS) 
0.63 (NS) 
0.97 (NS) 

0.30 (NS) 
0.69 (NS) 

0.87 (NS) 
0.55 (NS) 
0.58 (NS) 
0.37 (NS) 

0.02 



1.0 
0.68 

1.0 
1.0 
0.37 

1.0 

1.07 

1.0 
0.97 

1.0 
0.66 
1.72 

1.0 
0.39 

1.0 
0.46 

1.0 

0.58 

1.0 
0.18 

1.0 
0.47 

1.0 

1.75 



1.0 
0.30 



0.34 (NS) 

0.18 (NS) 
0.87 (NS) 
0.96 (NS) 

0.35 (NS) 

, 0.02 
0.31 (NS) 
0.29 (NS) 

0.006 
0.10 (NS) 
0.24 (NS) 

0.03 



! Others: two papillary, one medullary, two mucinous, 14 tubular, ten tubulolobular. For comparison with 'others' ductal and lobular carcinomas were combined, 
j KSrade of 111 ductal and tubular carcinomas. c erbB-2 was stained only of the original patient material. Hazard ratio could not be computed because of no local 

recurrences in the erbB-2 positive group. d p53 cut-off 20% of nuclei positive. c Ki-67 cut-off 5% of nuclei positive. 'SPF cut-off: median SPF of diploid tumours 
j 2.4% and median of aneuploid tumours 8.4%. 



Table 4 Multivariate analysis (Cox proportional hazard model) of the three 
covariates statistically significant in univariate analysis of metastasis 



Covariate 


P 


HR 


CI (95%) 


Ki-67 (±, 5% cut off) 


0.03 


10.0 


1.3-77.2 


Tumour size (continuous) 


0.17 


2.1 


0.7-6.0 


Tn-C in invasion border 


0.34 


1.8 


0.56-5.8 



i 

1 800 patients who received locoregionai therapy and had an 8-year 
follow-up, tumour size was the strongest predictor for distant 
recurrence. A high proliferation activity measured by the [ J H]- 
thymidine labelling index provided additional prognostic informa- 
tion in intermediate size (1-2 cm) tumours. Cell proliferation was 
the most significant predictor for locoregionai relapse (Silvestrini 
et al, 1995). As in our study, SPF has been found to be a significant 
i prognostic factor of distant metastasis in diploid but not in aneu- 
ploid tumours (Clark et al, 1989). A similar observation has been 



made in soft-tissue sarcomas (Huuhtanen et al, 1996). The prog- 
nostic value of immunohistochemically detected crbB-2 and p53 
protein in early node-negative breast cancer is controversial 
(Silvestrini et al, 1993; Ravdin and Chamness, 1995; Rosen et al, 
1995). In this study those markers did not show prognostic power 
for either local or distant recurrence. 

Young age, tumour size, presence of carcinoma at the resection 
margin and the presence of an extensive intraductal component 
(EIC) are associated with a higher risk of local recurrence after 
breast-conserving surgery (Boyages et al, 1990; Holland et al, 1990; 
Borger et al, 1994; Gage et al, 19%; Schnitt et al, 1987). In the 
present study EIC was present in only 8% of the tumours compared 
with 20% in many of the previous studies, probably because the 
selection criteria for breast conservation had been strict: only 
tumours up to 2 cm in diameter (measured clinically) and with histo- 
logically clear margins were accepted. In this selected material the 
expression of Tn-C in the invasion border was the only marker that 
predicted local recurrence. Our results suggest that patients with 
carcinomas that do not express Tn-C in the invasion border do not 



paign 1998 



1 ©Cancer Research Campaign 1998 



British Journal of Cancer (1998) 78(11), 1507-1513 



1512 TJahkolaetal 

need adjuvant treatments. On the other hand, patients with tumours 
expressing Tn-C in the area of invasion have an increased risk of 
developing both local and distant recurrences. 

Small tumour size, low grade and old age have been proposed as 
selection criteria for patients who might not benefit from radio- 
therapy (Clark et al. 1992; Veronesi et al, 1993; Liljegren et al, 
1994). However, in a highly selected group of 87 patients treated 
with breast-conserving surgery without radiotherapy, the rate of 
local recurrence rose to 16% when the median follow-up time was 
56 months, therefore this prospective clinical trial was closed 
{Schnitt et al. 1996). Because of the lack of reliable exclusion 
criteria the importance of post-operative radiotherapy for all 
patients has been reappraised (Morrow et al, 1995). The expres- 
sion of Tn-C in the invasion border seems to be a biological 
marker of a higher risk for local relapse, and the absence of Tn-C 
might be used as an adjunct to define a group that could be left 
without radiotherapy. 

Our results suggest that more radical surgery should be consid- 
ered, adjuvant treatment recommended and that follow-ups should 
be more frequent and continued longer when Tn-C is expressed in 
the tumour invasion border. Additional studies are needed to estab- 
lish whether Tn-C expression in the invasion border can be used as 
a criterion to select conservatively treated axillary node-negative 
breast cancer patients for adjuvant chemotherapy or hormonal 
therapy to reduce the risk of both local and distant disease spread. 
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Monoclonal Serotherapy 

Radiolabeled Monoclonal Antibodies 
Historical Perspective 

Monoclonal antibodies directed against human cancer- associated antigens 
also have been used to selectively deliver radionuclides to malignant cell 
populations. The feasibility of antibody-mediated targeting of radioactivity to 
tumors was demonstrated more than 40 years ago.— Some years later, Spar 
and colleagues — reported that a variety of tumors could be visualized in 
patients by gamma camera imaging following injection with iaJ -I-labeled 
polyclonal antibodies reactive with fibrinogen. Although these studies 
confirmed the conceptual appeal of labeled antibodies for cancer diagnosis 
and therapy, progress in this area was impeded by methodologic limitations 
in the characterization and production of antibody, as well as in labeling and 
imaging. 

Hybridoma technology, in concert with advances in the field of nuclear 
medicine, offered the prospect of utilizing monoclonal antibodies labeled 
with gamma-emitting radionuclides for the detection of tumor sites in a 
noninvasive fashion. These developments resulted in the investigation of 
radiolabeled antibodies reactive with nearly every type of malignancy as 
potential imaging and therapeutic agents. In general, these efforts were only 
marginally successful. 

There is a broad range of factors that can profoundly alter the ability to 
achieve selective targeting in vivo and thereby influence the potential impact 
of labeled antibodies in clinical oncology. Tumor hemodynamic 
characteristics, such as blood flow, permeability, and interstitial pressure, can 

act as impediments to homogeneous uptake of an antibody in a tumor, — as 

can the "binding-site barrier." — Other considerations are specific for a 
given antibody-antigen system and include antibody specificity and affinity, 
the fraction of tumor cells which are antigen positive, the average number of 
antigen copies per cell, the presence or absence of circulating antigen, and the 
level of expression of the antigen on normal tissues. Finally, the physical 
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characteristics of the radionuclide and the nature of its attachment to the 
antibody also must be considered. 

Unrealistic expectations for the application of radiolabeled monoclonal 
antibodies in clinical oncology were generated by the results of multiple 
investigations in athymic rodent models which demonstrated high uptake 
ratios between human tumor xenograft and normal rodent tissues, ^ — and 
the ability to achieve tumor regression, and even cures, in these model 
systems. — Unfortunately, after intravenous injection of labeled 
antibodies into patients, only 0.001 to 0.01% of the injected dose was 
generally found per gram tumor, 12 ^ — levels at least 10,000 times lower 
than those observed in rodent models. 

Nonetheless, successful imaging and treatment of a variety of cancers have 
been accomplished in patients, despite the low degree of antibody 
accumulation in tumor after intravenous administration. As will be discussed 
in the following sections, the development of more specific antibodies, 
antibody fragments with improved pharmacokinetics, better labeling methods 
and radionuclides, as well as alternative routes of antibody administration, 
have enhanced the clinical potential of radiolabeled antibodies. # top 

Radioimmunoscintography 

In radioimmunoscintography, a tumor-specific antibody is labeled with a 
radionuclide that can be visualized outside the body by nuclear medicine 
imaging methods. After waiting an appropriate period for normal tissue 
clearance of radioactivity to occur, the patient is imaged, and tumors are 
identified by defining regions of the body with increased tracer uptake. 
Although radioimmunoscintigraphy has yet to have the impact on diagnostic 
oncology that was originally anticipated, labeled antibody imaging, 
particularly with tomographic methods, has been shown to provide valuable 
information which complements that obtained using more anatomically 
rigorous modalities, such as computed tomography (CT) and magnetic 
resonance imaging (MRI). 

An important application of radioimmunoscintigraphy is to study distribution 
of an antibody as a prelude to treatment with the same antibody that has been 
labeled with a more cytotoxic radionuclide. — Unlike conventional external 
beam radiotherapy, radioimmunotherapy offers the possibility of selectively 
targeting radiation to malignant cell populations, while minimizing 
destruction of neighboring normal cells which are antigen negative. Antibody 
imaging is an important component of this strategy because it provides the 
biokinetic data for calculating tumor and normal tissue dosimetry to 
determine whether an adequate therapeutic index would be achievable in a 
patient prior to initiation of therapy. In addition, antibody imaging can be 
utilized to perform dosimetry-based dose escalation, optimize parameters 
such as the amount of cold antibody, relate toxicity to normal tissue dose, and 
define tumor dose-response relationships. Tomographic imaging with 
positron emission tomography (PET) or single photon emission computed 
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tomography (SPECT) is particularly attractive for these types of studies 
because of their superior quantitative capabilities. 

Radionuclide and Imaging Method. 

13 l l was the first radionuclide used for radiolabeled antibody imaging. 
Advantages of 131 I include its low cost, the ready availability of protein 
radioiodination methodology, and the fact that its y-emissions allow its use 

for radioimmunotherapy as well as imaging. For this reason, I is often 
utilized when imaging is performed as a prelude to or during therapy. 
Because the same radionuclide is administered for both purposes, acquiring 
meaningful estimates of tumor and normal tissue radiation dosimetry is 
greatly facilitated, particularly when monitoring the therapeutic dose itself is 

required. — For imaging alone, the fact that 131 1 emits y-particles is a 
disadvantage because they increase the radiation absorbed dose received by 

the patient. Furthermore, the 364-keV gamma ray of 13 *I is not an ideal 
energy for imaging because it results in low count rate per unit dose, high 
scatter background, and collimator penetration. These characteristics all 
contribute to the suboptimal spacial resolution in images obtained with this 
radionuclide. A considerable effort has been directed at the development of 
monoclonal antibody-based imaging agents using radionuclides other than 

13 1 I. Much of this work has focused on three radionuclides that emit gamma 
rays with energies that are better suited to planar gamma camera and SPECT 

imaging: Indium-1 1 1 ( m In) (2.8-day half-life, 171 and 245-keV gamma 

rays), 123 I (13-hour half life, 159 keV gamma rays), and Technetium-99m 

( 99m Tc) (6-hour half life, 140-keV gamma rays). 99m Tc is the most widely 
used radionuclide in nuclear medicine, in part, due to its availability from a 

radionuclide generator system at low cost; 123 I is considerably more 

expensive. On the other hand, the longer half life of 123 I permits imaging at 
later times after injection, when contrast between tumor and surrounding 
normal tissues is generally more favorable. 

The gamma rays emitted by 123 I and 99m Tc are superior to those of 13 h (and 

to a lesser extent, 111 In) for both conventional gamma camera imaging and 
SPECT, particularly for applications where rigorous quantification of activity 
distribution is required. The tomographic nature of SPECT also is 
advantageous because it facilitates identification of tumor in the presence of 
background activity in overlying or underlying image planes. In addition, 
with the development of image registration techniques, the superior anatomic 
information obtainable from CT or MRI can be used in combination with 
SPECT antibody scans. — In this way, functional and anatomic data can be 
used together to better define both the location and nature of suspected 
abnormalities. 

With the emergence of PET as a clinical imaging modality, a number of 
laboratories have been investigating the potential utility of antibodies and 
antibody fragments labeled with positron-emitting radionuclides. PET is the 
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modality of choice for quantification of tracer distribution in vivo, and is 
generally considered to be the best method for physiologic and metabolic 
imaging. Improved capabilities in the quantification of antibody distribution 
in patients could be valuable for radioimmunotherapy, not only for patient 
selection, but also to better define normal tissue maximum tolerated dose and 
tumor dose-response relationships. 

The feasibility of immuno-PET has been demonstrated in a patient with 
neuroblastoma injected with 124 I-labeled 3F8 antibody. m Serial PET 
images were used to calculate the tumor-absorbed dose that the patient would 
have received from a therapeutic dose of 13 ^-labeled 3F8. Thirty-six patients 
with suspected advanced primary or metastatic colorectal cancer have been 
imaged by PET scanning 4 to 36 hours after injection of (^Cu^labeled 1 A3 

antibody. — Immuno-PET was able to detect 1 1 new occult tumor sites 
including small abdominal foci (<2-cm diameter) that were not detected by 
CT or MRI. Unfortunately, further investigations of the feasibility of 
immuno-PET with 124 I- and ^Cu-labeled antibodies have been hindered by 
the lack of availability of these radionuclides. Because ( 18 F) is the most 
widely used radionuclide in clinical PET, other investigators have pursued its 
use for immuno-PET; however, the 1.8-hour half-life of 18 F limits its use to 
smaller antibody fragments. In that regard, PET imaging of both primary and 
metastatic osteosarcoma in dogs with spontaneous tumors has been 
accomplished using a 18 F-labeled monoclonal antibody Fab fragment. 

Imaging Studies with Radiolabeled Antibodies in Patients. 

One of the first studies of the clinical utility of radioimmunoscintigraphy 
involved affinity-purified, polyclonal goat antibodies reactive with 
carcinoembryonic antigen (CEA) labeled with —I. In one series, a lesion 
detection rate of 91% was reported in patients with a variety of CEA- 
secreting tumors, — while in another study, a sensitivity of only 39% was 
observed. — The dissimilarity of these results likely reflects differences in 
variables that can influence lesion detection, such as circulating CEA levels, 
tumor size and location, and techniques to compensate for the blood pool 
background, ♦top 

Techniques. 

Although these two series differed in terms of detection rate, both trials were 
critical, in that they demonstrated the feasibility of imaging tumors with 
radiolabeled antibodies. 

The results obtained with 13 ^-labeled polyclonal anti-CEA, in tandem with 
the development of hybridoma technology, provided motivation for 
numerous labeled antibody imaging trials. By 1993, nearly 200 clinical 
radioimmunodetection trials already had been performed, primarily with 
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intact murine monoclonal antibodies labeled with either 131 I or ni In. — The 
feasibility of tumor imaging with labeled antibodies has now been 

investigated in many patient populations.^* — Although a wide range 
of sensitivities and specificities has been reported, lesion detection rates of 
greater than 70% are frequently observed. In general, tumor retention of 

radioactivity after injection of 1 1 ^-labeled antibodies has been higher than 
those observed with radioiodine as a label. On the other hand, higher levels of 

accumulation in normal liver and spleen are seen with 11 ^-labeled 
antibodies, which can complicate imaging of hepatic metastases. For 
example, only 53% of hepatic metastasises were detected in patients with 
colorectal cancer imaged with 11 ^-labeled CI 10 monoclonal antibody. — 

Radioimmunoscintigraphic agents are beginning to emerge from the 
commercial sector. The first antibody-based imaging product approved by the 
FDA was OncoScint which was developed by Cytogen Corporation 
(Princeton, NJ). This agent consists of a 11 ^-labeled murine monoclonal 
antibody (CYT-103) reactive with TAG-72, a molecule found on more than 
80% of colorectal adenocarcinomas and 95% of epithelial ovarian 

carcinomas. — OncoScint is approved for use in the detection of 
extrahepatic, intra-abdominal metastases from colorectal or ovarian 
carcinomas. The imaging approach used in tandem with OncoScint had a 
major impact on its utility; SPECT identified tumors that were not identified 
by planar imaging in 35% of patients. — OncoScint has been reported to be 
more sensitive than CT for identifying pelvic metastases and extra hepatic 
abdominal tumors, but CT is the preferred modality for detection of disease 
in the liver. — On a per-patient basis, the combined sensitivity of OncoScint 
and CT was 88%. However, when the value of OncoScint imaging was 
evaluated in terms of its impact on patient management, it had a beneficial 

effect in only 13% of patients. — 

Efforts to improve sensitivity and specificity of tumor detection have been 
directed at multiple aspects of antibody imaging methodology. An important 
advance has been the use of enzymatically generated lower-molecular-weight 
Fab and F(ab , ) 2 monoclonal antibody fragments because they clear more 
rapidly from the blood pool and normal organs than does intact 
immunoglobulin,— achieving a more reasonable tumor-to-normal-tissue 
ratio. This greatly facilitates the use of 123 I and 99m Tc, radionuclides with 
optimal imaging characteristics but with short half-lives. In a retrospective 
study of patients with colorectal cancer, 82% and 89% of tumor sites could be 
detected using SPECT imaging with 123 I-labeled F(ab , ) 2 and Fab fragments 

of an anti-CEA antibody, respectively. — In a subsequent prospective 
investigation, tumor sites were visualized that were either not observed or 
detected more than 1 month later by other imaging modalities. — 

Prospective trials with 123 I-labeled antibody fragments, such as the one noted 
above, have been critical to the field of radioimmunoscintography because 
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they have demonstrated the potential role of this imaging method in the 
management of cancer patients. However, the cost and inconvenience of 

labeling antibodies and antibody fragments with 123 I have impeded the 
widespread application of this methodology. With the development of 

straightforward techniques for labeling monoclonal antibodies with 99m Tc, 
radioimmunoscintography has become a practical imaging modality that 
could be applied at nearly every medical center. 

Clinical investigation using 99m Tc-labeled antibody fragments have now 
been performed in patients with many types of malignancies, and the results 
have generally been encouraging. In a multicenter study evaluating "Re- 
labeled antibody fragments in melanoma patients, 70% of lesions were 
visualized, including 92 that were previously occult but later confirmed. — 
A sensitivity of 94% and a specificity of 100% were observed in 15 patients 
with neck lymph node metastases from a squamous cell carcinoma of the 

head and neck. — Imaging with 99m Tc-labeled Fab' fragments of LL2 
antibody has been valuable in staging of B-cell NHL, resulting in an 

alteration of disease stage in 27% of patients. — 

A 99m Tc-labeled Fab f fragment of an anti-CEA murine antibody (CEA-Scan, 
arcitumomab; Immunomedics, Morris Plains, NJ) has been approved by the 
FDA for use in the detection of colorectal cancer. A multicenter phase III 
study was done with CEA-Scan in 210 presurgical patients with either 
recurrent or metastatic colorectal cancer. — Compared with conventional 

diagnostic modalities, the 99m Tc-labeled anti-CEA Fab 1 fragment was 
significantly more sensitive in the pelvis (69% versus 48%) and extrahepatic 
abdomen (55% versus 32%). The positive predictive value in 122 patients 
with known disease was 98% for antibody plus conventional imaging. In a 
subsequent study in colorectal carcinoma patients, CEA-Scan imaging 
provided a more accurate indicator of resectability status than CT. — 
Recently, the diagnostic potential of CEA-Scan has been investigated in 

breast cancer patients. — In 89 patients with nonpalpable lesions, the 
specificity of CEA-Scan and mammography was 94% and 28%, respectively, 
and the positive predictive value of these two techniques was 76% and 31%, 
respectively. 

Radioimmuno-guided surgery is a potentially useful imaging method that can 
assist the surgeon in identifying tumor sites during an operation. In this 
procedure, the patient is injected with the radiolabeled antibody prior to 
surgery, and sites of increased radioactivity are detected using a hand-held 

gamma probe. Using a 11 ^-labeled anticolorectal cancer antibody, 
metastatic lymph nodes were detected, with 93% sensitivity and 97% 

specificity. — In a recent study with 125 I-labeled CC49 antibody, 
radioimmuno-guided surgery identified up to 90% of colorectal tumor sites 
and found additional lesions in more than half the patients that were later 

confirmed by histology. — Although the results obtained with this imaging 
approach have been promising, further refinements in methodology probably 
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will be needed before it can be used routinely. * top 
Radioimmunotherapy 

In evaluating the clinical potential of radioimmunotherapy, it is important to 
bear in mind that this type of treatment generally is being applied in patients 
who have already failed standard treatment modalities, such as chemotherapy 
and external beam radiation therapy. It is anticipated that labeled antibody 
therapy ultimately will be most effective in a minimal disease setting because 
this will minimize the impact of nonuniformities in antigen expression, tumor 
hemodynamics, and the binding site barrier on tumor dose heterogeneity. An 
advantage of antibody-mediated radiotherapy that differentiates it from 
immunotoxin therapy is that a wide variation in range of action of cell kill 
can potentially be achieved through the use of different radionuclides. For 
example, irradiation of volumes with subcellular, cellular, and multicellular 
dimensions could be accomplished using radionuclides emitting Auger 
electrons, p-particles and a-particles, respectively. Thus, it should be possible 
to identify a radionuclide with physical properties compatible with the 
treatment of a tumor with a particular size, location, and radiosensitivity. 

The first extensive investigation in patients of the feasibility of 
radioimmunotherapy was performed using polyclonal antiferritin antibodies 

labeled with the P-emitter 13 ! I, — and the vast majority of clinical 
radioimmunotherapeutic trials have involved antibodies labeled with lJ I or 
other p-emitting radionuclides. Because p-particles have an average tissue 
range of 1 to 10 mm, they are better suited for the treatment of larger tumors. 
From a theoretical perspective, the ideal P-emitter for labeling an antibody 
would depend on the size of the tumor, with shorter range P-emitters, such as 
13 l l and 67 Cu, preferred for micrometastatic disease because they would 
deposit a greater fraction of their decay energy within the tumor. — On the 
other hand, longer range P-emitters such as 90 Y facilitate the destruction of 
adjacent antigen-negative or poorly perfused tumor cells through radiative 
crossfire. 

In some settings, such as the treatment of intracavitary disease, 
micrometastases, or tumors of the circulatory system, other types of radiation 
with shorter tissue range might be preferable to a-emitters. Alpha particles, 
such as those emitted by ( 211 At) or ( 213 Bi), have a range in tissue of only 55 
to 80 |im and are radiation of high linear energy transfer (LET). As a result, 
their relative biologic effectiveness is much higher than that of P-emitters. In 
vitro studies have shown that only a few a-particle traversals are required per 
cell to achieve effective cell kill. — An additional advantage of high-LET 
radiation therapy is that cytotoxic effectiveness does not require the presence 
of oxygen nor is it dependent on dose rate. When localized in the cell 
nucleus, low-energy electron emitters, such as 125 I, also can act as high-LET 
radiation and these radionuclides have been explored for use in tandem with 
antibodies that become internalized into the tumor cell after binding. — 
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Clinical Radioimmunotherapy Trials. 
Lymphoma. 

Encouraging responses to several radioimmunotherapeutic agents have 
been observed in patients with B-cell lymphomas, a malignancy that is 
relatively sensitive to radiation. Because many of the antibodies that have 
been used also react with normal B-cell populations, it is critical to determine 
the optimal protein dose for maximizing tumor-to-normal organ dose ratios. 
This has been accomplished by imaging antibody distribution at several 
protein levels and selecting the radioimmunotherapy dose on the basis of 

1 CO 

projected patient-specific dosimetry. — 

Many clinical radioimmunotherapy trials in lymphoma have involved the 
anti-CD20 antibody Bl provided from Coulter Corporation. In a phase II 
study, 21 patients received 345 to 785 mCi of 131 I-labeled Bl antibody, 
followed by autologous hematopoietic stem cell re-infusion. — Objective 
responses were seen in 86% of patients, and 16 complete remissions were 
observed. In a follow-up report, 14 of 29 patients were in unmaintained 
remission >27 to >87 months after labeled antibody therapy. — These 
promising responses were achieved with only minor toxicity. The I- 
labeled Bl antibody also has been investigated in NHL patients at doses that 
did not require bone marrow transplantation; complete responses with a 
median duration of 471 days were reported. — Because of the lower 13 l l 
activity levels that were administered, a recent study suggests that it may be 
possible to perform this treatment on an outpatient basis. 

Another labeled antibody that has been evaluated for the treatment of NHL is 
Lym-1, which targets malignant lymphocytes. In a recent study, ^I-labeled 
Lym-1 was administered in a multidose protocol, with about a 4-week 
interval between doses. — Dose escalation was from 40 to 100 mCi/m 2 body 
surface area, and the dose-limiting toxicity was grade 3 or 4 
thrombocytopenia. Responses were reported in 10 of 14 patients who 
received 2 or more doses of 13 ^-labeled Lym-1. A phase I trial in patients 
with lymphoma and leukemia of 90 Y-labeled T101, an antibody reactive with 
CD5-positive lymphocytes, also has reported partial responses in 5 of 10 
patients, with the main toxicity being bone marrow suppression. — ♦ top 

Colorectal Carcinoma. 

Radioimmunotherapy has also been performed in patients with colorectal 
carcinoma using several different antibodies and radionuclides. Monoclonal 
antibody A33, which reacts with a high-molecular-weight glycoprotein that is 
rapidly internalized, has been labeled with 131 I and investigated in patients 
with colorectal carcinomas. — The maximum tolerated dose was 75 mCi/m 2 , 
and no major clinical responses were observed in a heavily pretreated 
population of patients with advanced colon cancer. Because of the 
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internalization of this antibody, the use of a radionuclide emitting short-range 
radiation might increase the radiation dose received by tumor cells, while 
minimizing normal tissue toxicity. This provided the motivation for a second 
phase I/II trial of A33 labeled with 125 I, a radionuclide that emits low-energy 
electrons and gamma rays. — Doses of up to 350 mCi/m 2 were 
administered, without bowel or bone marrow toxicity, and prolonged tumor 

retention of 125 I activity was observed. 

In another trial, 15 patients received 75 mCi/m 2 of 13 ^-labeled CC49, an 

antibody reactive with the TAG72 antigen. — Tumor uptake could be 
demonstrated on gamma camera images; however, only limited therapeutic 
efficacy was seen. A phase I/II radioimmunotherapy study has been 
performed in 57 patients with CEA-expressing tumors, including 29 with 
colorectal carcinomas, with 13 ^-labeled murine anti-CEA NP-4 antibody. — 
Activity levels of 44 to 268 mCi were administered on the basis of bone 
marrow dosimetry estimated from a prior imaging study. In 12 of 35 
evaluable patients, some antitumor effect was observed, including one PR. 
Recently, 10 patients with nonresectable liver metastases were treated with 
the F(ab , ) 2 fragments of the anti-CEA antibody F6 labeled with 87 to 300 

mCi 13 1 L — Doses of 300 mCi were well tolerated with bone marrow re- 
infusion and doses of 200 mCi or less did not require bone marrow rescue. 
One partial response was observed. ♦ T » p 

Other Cancer Types, 

13 ^-labeled murine monoclonal antibodies and F(ab')2 fragments also have 
been evaluated after intravenous administration to patients with other types of 

malignancies, including medullary thyroid carcinomas, — renal cell 
carcinomas, — and ovarian carcinomas. — In general, myelosuppression 
has been the dose-limiting toxicity, and responses have been modest at best. 

One approach that has been investigated for improving the effectiveness of 
radioimmuno-therapy is to administer a biologic response modifier that can 
increase the expression of the target antigen. For example, recombinant IFN- 
a can enhance the expression of TAG-72, the tumor-associated glycoprotein 
to which the CC49 antibody reacts. A phase II trial was undertaken in 15 
patients with breast cancer who received six daily doses of recombinant IFN- 
oc and 13 ^-labeled CC49. m Although the uptake of CC49 was increased, 
hematologic toxicity was also considerably higher. In 14 patients with 
prostate cancer, daily doses of IFN-y were given for seven days followed by 
75 mCi/m 2 of 13 ^-labeled CC49. — Biopsies from three patients revealed a 
2 to 6 times higher percentage of cells expressing TAG-72. 
Thrombocytopenia was the dose-limiting toxicity, and only minimal response 
was seen in 4 patients. 

The lack of efficacy of 131 I-labeled antibodies in most patient populations 
can be attributed to multiple factors including the loss of the label from the 
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antibody as a result of dehalogenation, and the physical properties of this 
radionuclide. This has led to the clinical investigation of antibodies labeled 
with other P-emitters, most notably, 90 Y. Advantages of this radionuclide 
include its higher p-energy and longer retention on tumor, compared with 
antibodies radioiodinated using conventional methods. A disadvantage is the 
higher accumulation of 90 Y in normal tissues. Only limited data concerning 
clinical trials with 90 Y-labeled antibodies have been published. A preliminary 

study investigating the pharmacokinetics and toxicity of 90 Y-labeled HMFG1 
given intraperitoneally to patients with ovarian cancer suggests that the 

appropriate dose for treatment will be 18.5 mCi/m 2 , with bone marrow 
toxicity being the dose-limiting factor. — Radioimmunotherapy trials with 
90 Y-labeled antibodies also are underway in patients with colorectal, — 
prostate, — and breast carcinoma — as well as lymphoma; — however, 
insufficient data are available at this time to realistically evaluate the clinical 
potential of these agents. ♦ top 

Emerging Strategies for Radioimmunodiagnosis and 
Radioimmunotherapy 

For radioimmunodiagnosis, it is important to maximize the ratio of 
radioactivity in tumor and neighboring normal tissues at a single point in time 
that is compatible with the physical half-life of the radionuclide. As described 
in the preceding sections, the use of enzymatically derived antibody 

fragments in tandem with 99m Tc and 123 I has markedly improved the ability 
to image some types of tumors with excellent sensitivity and specificity. With 
radioimmunotherapy, the critical criterion is to maximize time-integrated 
tumor-to-normal-organ radiation dose ratios, while delivering sufficient 
activity to tumor to cause a significant therapeutic effect. Clinical 
radioimmunotherapy trials have provided encouraging results in lymphoma 
but not in other types of cancer. This has led to the investigation of a wide 
variety of strategies for increasing both tumor dose as well as tumor-to- 
normal-tissue radiation absorbed dose ratios. Clinical trials have commenced 
or are about to begin with several of these approaches— altering tumor 
hemodynamics, administration of antibody by nonintravenous routes, 
pretargeting regimens, utilization of molecular constructs designed via 
recombinant DNA technology, and labeling antibodies with a-particle 
emitting radionuclides. The current status of research in these areas is 
discussed in the sections which follow. 

Alteration of Tumor Hemodynamics, 

Heterogeneity in tumor blood flow, permeability, and interstitial pressure, all 
can have a major impact on both the homogeneity and level of accumulation 
of macromolecules in tumor. It is known that hyperthermia can alter tumor 
hemodynamics, and the potential for increasing the uptake of radiolabeled 
antibodies and fragments in tumor xenograft models with local hyperthermia 
has been investigated. Significant increases in tumor uptake with minimal 
alteration in normal tissue levels have been observed; — — however, a 
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consensus has not been reached with regard to the temperature and duration 
of heating providing the optimal effects of hyperthermia on antibody 

pharmacokinetics. A phase I/II trial of 13 ^-labeled anti-CEA antibody and 
hyperthermia has been performed in patients with advanced colorectal cancer. 

— Although 5 of 6 patients showed a decrease in serum CEA levels, only 
minimal therapeutic response was seen. Before further clinical evaluation of 
this combined modality approach is considered, it is recommended that 
experiments be performed in appropriate animal models, in order to 
determine the best conditions for combining hyperthermia and 
radioimmunotherapy. 

Vasoactive compounds, such as norepinephrine, vasopressin, and histamine, 
can increase blood flow, and their effect on antibody uptake in tumor has 

been investigated. — Unfortunately, this tactic has not been very successful. 
A more fruitful approach has been to enhance tumor uptake through the use 
of antibodies coupled to vasoactive biologic response modifiers or other 
compounds. Administration of an antibody-IL-2 conjugate prior to the 
radiolabeled antibody resulted in a significantly higher tumor accumulation, 
with little alteration in normal tissue levels. — Antibody conjugates with 
TNF-a and IL-1 exerted similar effects albeit of a lower magnitude than seen 
with IL-2.^*top 

Nonintravenous Administration. 

Another strategy for increasing the rate and magnitude of tumor uptake, 

applicable to some types of malignancies, is to administer the radiolabeled 

antibody by a nonintravenous route. This can be particularly effective for use 

with antibodies that also react with normal tissues because exposure of the 

labeled antibody to tumor occurs prior to interaction with high-capacity, 

normal-organ-binding sites. Intraperitoneal radioimmunotherapy has been 

1 in 

investigated in patients with ovarian carcinomas. In a phase I/II trial, ( A 'Lu)- 
labeled CC49 was given to 27 ovarian cancer patients who had failed 
chemotherapy. — The maximum tolerated dose was 45 mCi/m 2 , and marrow 
suppression was the dose-limiting toxicity. Prolonged disease-free survival 
(>6 to 35 months) was observed in 4 of 5 patients with microscopic or occult 
disease. The therapeutic potential of radioimmunotherapy with 90 Y-labeled 
HMFG1 antibody (18 mCi/m 2 ), given after chemotherapy, has been 

compared with that of chemotherapy alone. — Five-year survival was 80% 
for the combined modality therapy, significantly higher than the 55% 
obtained with chemotherapy alone. 

Encouraging results have been reported for the treatment of tumors of the 
central nervous system by the nonintravenous administration of I-labeled 
antibodies. Glioma patients with spontaneous recurrent cystic lesions and 
surgically created resection cavities have been treated with single or multiple 

1 OQ 

doses of radioiodinated antibodies given directly into the cavity. — 
Prolonged retention of radioactivity in the cavity has been seen. I anti- 



http://www.ncbi.nlm.nih.gov^ooks/bv.fcgi?rid==cmed.section. 1 5294 



6/6/2005 



Radiolabeled Monoclonal Antibodies 



Page 12 of 14 



tenascin 81C6 antibody has been given via an Ommaya reservoir to 34 

patients with recurrent malignant glioma. — In this phase I study, groups of 

3 to 6 patients were treated with 20 to 120 mCi of 131 Mabeled 81C6. Dose- 
limiting toxicity was neurologic or hematologic, and the maximum tolerated 
dose was 100 mCi. The median survival for all patients and those with 
glioblastoma multiforme (26 patients) was 56 and 60 weeks, respectively, 
which compares favorably with the median survival obtained with either 
conventional or other experimental treatment modalities. 

13 *I labeled monoclonal antibodies also have been administered intrathecally 
for the treatment of neoplastic meningitis. Significant clinical responses have 
been observed in patients with a variety of leptomeningeal tumors, including 

breast carcinoma, melanoma, lymphoma, and pineoblastoma. ^» — Thirty- 
one patients with leptomeningeal neoplasms have been treated with 40 to 100 
mCi of 13 ^-labeled 81C6. m The maximum tolerated dose in adults was 80 
mCi with hematologic toxicity being the dose limiting factor. Five patients 
remained free of disease progression >409 days after 
radioimmunotherapy. ♦ T ° p 

Pretargeting. 

An advantage of using intact antibodies for radioimmunotherapy is that their 
binding to tumor is both greater and more prolonged than that of antibody 
fragments, thereby resulting in higher tumor radiation dose. On the other 
hand, the larger molecular size of whole immunoglobulin decreases the rate 
of tumor accumulation and impedes diffusion within the tumor. Pretargeting 
approaches are attractive because they offer the possibility of obtaining the 
benefits of intact antibodies while minimizing the disadvantages. In 
pretargeting procedures, the antibody is administered first, and after a 
sufficient delay period to achieve sufficient uptake in the tumor, a 
radiolabeled lower-molecular- weight compound is injected. By shifting the 
label from the antibody to a smaller molecule, more rapid normal tissue 
clearance and tumor penetration can be achieved. 

The most widely explored pretargeting strategy exploits the high affinity 
(~10 13 to 10 15 M -1 ) binding of the ~60-kDa proteins avidin and streptavidin 
to the 244-Da water-soluble vitamin, biotin. A number of different regimens 
have been investigated, including injection of a radiolabeled biotin derivative 
after pretargeting of a streptavidin-antibody conjugate, and pretargeting of a 
biotinylated antibody, followed by streptavidin, followed by radiolabeled 
biotin. In some cases, a clearing agent is used before injection of the labeled 
biotin conjugate. Clinical investigations with streptavidin-biotin pretargeting 
in patients with lung, ovarian, and colorectal carcinomas have shown superior 
tumor-to-normal-tissue ratios, compared with directly labeled antibodies. — 
Recently, a three-step protocol that includes biotinylated anti-tenascin 
antibody, avidin and streptavidin, and finally, 90 Y-labeled biotin has been 
performed in 48 patients with recurrent grade 3 or 4 glioma. — The 
maximum tolerated dose of 90 Y-labeled biotin was 2.96 GBq/m 2 , and median 
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survival was 1 1 and 19 months for grade 3 and 4 tumors, respectively. A 
randomized clinical trial of pretargeted 90 Y radioimmunotherapy is 
planned, ♦top 

Recombinant Antibody Constructs. 

The development of an immune response frequently occurs in 
immunocompetent patients that have received murine monoclonal antibodies. 
These human antimurine antibodies, commonly referred to as HAMA, can 
alter the pharmacokinetics of subsequent doses of radiolabeled antibodies 
through the formation of labeled immune complexes that are rapidly removed 
from the circulation before they can be delivered to the tumor. Recombinant 
DNA technology has been used to generate molecules that can help minimize 
this problem by decreasing the fraction of the molecule that is of murine 
origin. Human/mouse chimeric antibodies, which consist of a murine variable 
region linked to a human constant region, and CDR-grafted, humanized 
antibodies, in which the murine component is limited to the hypervariable 
complementary determining regions, have been developed. A number of 
chimeric antibodies have been radiolabeled and their properties evaluated in 
clinical trials. By minimizing HAMA, these molecules should facilitate the 
use of multidose treatment radioimmunotherapy protocols; however, immune 
response to the antibody variable region may still be problematic. 

Another class of recombinant molecules that has emerged as candidates for 
radiolabeled approaches are single-chain Fv (scFv) fragments. — These scFv 
molecules consist of a heavy-chain and a light-chain variable region amino 
acid sequence linked together by a peptide designed to maintain the 
immunoreactivity of the intact antibody parent. Several scFv molecules have 
been radiolabeled and evaluated as potential diagnostic and therapeutic 
agents. Although scFv offer superior tumor-to-normal-tissue ratios, the 
absolute magnitude uptake of scFv in a tumor is lower than that seen with 
intact IgG and large antibody fragments, suggesting that these monomeric 
scFv molecules probably will be more useful for diagnostic applications. The 
feasibility of imaging tumors in patients with radiolabeled scFv fragments has 
been demonstrated by Begent. — Using a 123 I-labeled scFv fragment of an 
anti-CEA antibody, all known tumor sites could be identified. 

The rapid loss of radiolabeled scFv fragments from the tumor most likely 
reflects not only their small size but the monovalent nature of their binding. 
Recombinant DNA approaches have been utilized to generate a number of 
divalent constructs, and some of these have been evaluated in human tumor 
xenograft models. The construction of an scFv dimer that retained the 
specificity of its parent antibody, anti-c-er£B2 741F8, has been reported. — 
As predicted, the accumulation of the radioiodinated (scFv) 2 in the tumor was 

higher than that of the corresponding monomer. When a linker peptide of 14 
amino acids was used to connect the heavy- and light-chain variable regions 
of an anti-CEA antibody, noncovalent dimers were formed. — In athymic 
mice with subcutaneous human tumor xenografts, tumor accumulation of this 
"diabody" was considerably higher than its monomer, reaching 10% of the 
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injected dose per gram at 1 hour, and maintaining that level until at least 6 
hours after injection. Finally, a ,! minibody ,! derived from the same T84.66 
anti-CEA antibody, and consisting of a spontaneously formed scFv-C R 3 

dimer, has shown exceptional targeting ability, particularly when the linker 
between the C H 3 domain and the scFv used was the lgG l hinge region plus a 

10-amino-acid spacer. — The tumor targeting capability of these 
recombinant constructs in patients remains to be ascertained. ♦ Tt > p 

Alpha-Particle Radioimmunotherapy. 

Alpha-particles are attractive for targeted radiotherapy because of their high 
cytotoxicity and short tissue range. Clinical radioimmunotherapy trials with 
a-particle emitters have awaited developments in isotope production, protein 
labeling chemistry, dosimetry, and determining the toxicity of these potential 
therapeutic agents in appropriate animal models. Recent advances in these 
areas have permitted the initiation of two clinical trials with antibodies 
labeled with a-particle-emitting radionuclides. These studies are important 
because they demonstrate that targeted radiotherapy with a-emitters is 
feasible in patients. 

The Memorial Sloan-Kettering Cancer Center group has treated at least 10 
patients with acute myelogenous leukemia (AML) using an antibody labeled 
with the 46-minute half-life a-particle emitter 213 Bi.— The antibody is a 
humanized recombinant form of Ml 95, which reacts with the CD33 cell- 
surface glycoprotein present on most leukemias. Escalating activities of 
213 Bi-labeled HuM195 in multiple fractions are being administered. At Duke 
University, a phase I trial is underway in recurrent malignant glioma patients 
to determine the maximum tolerated dose of human/mouse chimeric anti- 
tenascin antibody 81C6 labeled with the 7.2-hour half-life a-particle emitter 
21 *At administered into surgically created tumor resection cavities.— 
Retention of 211 At activity in the resection cavity has been excellent, and 
leakage into the blood pool has been less than 0.5% of the injected dose. 
Cavity interface- to -normal brain dose ratios were about 150 times higher 
than reported previously in a similar trial performed with 13 ^-labeled murine 
81C6. — Dose-limiting toxicity has yet to be observed in either targeted a- 
particle radioimmunotherapy trial. ♦ top 
© 2000 by BC Decker Inc 
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Nuclear medicine is a branch of medical imaging that uses 
radtactiTelracers to examine the function of body systems. 
The rad onuclide used in about 90% of all examinauons .s 

wSch £ available from -Mo^Tc™ generators at most 
nuclear medicine departments. In aqueous med.um, 
Smetium is chemically stable as pertechneUte, ^c"0 4 ■ 
Sed into the human body, pertechnetate w.ll be absorbed 
Khethyroid gland because of the similarity to iodide .n .te 
SdhS and charge. To reach targets in the human body other 
£n glandula thyreoidea, Tc» needs a carrier molecule, 
usual^chelating agent. Many chelators that form stable 
complexes with «Tc™ have affinities for certam Ussues m the 
human body. Other chelators can be manipulated by _ 
ntormaceutical formulation to be retained m certain body 
LSsfln order to form bonds with technetium, the chelator 
mountain electron donors like nitrogen, oxygen and hwlfur. 
Spte between multiple electron donor atoms ,s requ.ml to 
allow several bonds to form with the central metal. The 
"Si^of the complex increases with increasing number of 
n^nas Today , chelators for the use with "T«" exist for a 
nTmber of highly sensitive scintigraphic studies of he bram 
™art, skeleton, kidneys, hepatobiliary system and lungs. This 
includes chelators such as dimercaptosuccimc acid, 
t 2-ethylenediylbis-L-cysteine diethyl ester, 
metMenediphosphonate.hexamethylpropyleneam.neox.me 

and hexakis(methoxy isobutyl isomtnle). 

Keywords: Technetium-99m, medical imaging, chelators 



Introduction 

The field of medical imaging comprises four main ' ^iqjjw: 
radiology Including computerized tomography i CT)1, ul ra 
sound (US), magnetic resonance imaging (MRI) and nuclear 
medicine [including single photon em.ss.or « ""J""™} 
.omography (SPECT) and positron em, ^ ,on / n °X E Xr 
(PET)I. Used alone, or in con unction with one of the other 
icchniques. nuclear medicine offers valuable .nformat.on 
about human health and disease. . 

In nuclear medicine, radioactive nuclides are inde ed in 
minute quantities into .he human body and the distnbutio is 
detected bv a gamma-ray camera. The gamma-ray camera 
used in SPECT comprises a photon absorption unit (sodium 
k3* crystal), a signal amplifier (g«^Xffi£! 
a computerized image generator. The ^^^S 
acnerator has undergone great progress recently, allowing 
detailed dynamic studies of various organs. 
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Technetium-99m 
There arc numerous radioactive nuclides that either have 
2e„ o poSally could be, used in nuclea, j-eAooj 
Howler, at present -Tc"> is used in about 90 /o of all 
scintigraphic examination^ generator 
TVZZt LtUaKfor ST n nudear.m'edicfne ■ The 
!SS^SS£TTv1La column with a quantity of 
generator cons sis oi * F . <»MoCK, applied on the 

yield to ^which is mstamly •a*** 
towater soluble pertechnetate «Tc»0«-. The "Ttf" acUv y 
can then be utilized on extraction by eluting the column with 

"S&SZSZEZ* -Tc- the physic,, properties 
umcr iiiaiu o & nhoton of this mono- 

of the radioactive substance is excreted from the body 
£* aSerSjeSon, and since the remaining activity decays 
S backgroundlevels within the next few days, the total dose to 

targ e t sin.behu m a^ 

Sp^sS^and which have affinities for certain 

rtS £ Je^a^prepared as freeze-dried kits for 
rJStution rth technetium e.uate at the nuclear medicine 
d^artment shortly before injection, ta addition » he 
Viator the kit must contain a reducing agent, usuany 
Sous, initiate the following reactions immediately after 
addition of technetium eluate: 4 

9*Tc<«04- + Sn*+ + 8H+ ~ *TC*+ + Sn'+ + 4H 2 0 (D 
Chelator + *>Tc m5+ «-> ^c^-chelator (2) 

to d5«or concwcalion. .he comptantai of «*««"" 
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values calculated from a kU from £ W*J 

0 05 nmol «T0»; 1300 nmol Sn; and 56800 nmol MDP. 

is ready for use 5 min after recons«tut,on. with a 

radiochemical purity of more than 99 /© . . 
S ouSy of MDP is also very low compared to the molar 

am^rof Se substances in regular drugs n human 
marine This is a characteristic of all kits in use in nuclear 
m eo cme The* drugs have no pharmacological effect, and 
Xe 5 oHoxt effect and saturation of receptor systems ,s 
very low. 

Radiopharmaceuticals and Their Use 
Bone/Skeleton 

One of the most common examinations in ™ cte *[™ e *™™ 
and oncology is the bone scan for metastases from cancer 
Prostata and cancer mamma. The chelator used m bone 
scintigraphy is MDP. 6 



The vrrcoMlioxime HMPAO conlP ,cx i 0 J m f d ^ 1, P 0 ^J ,, ' , ; 
and able to cross the blood-brain barrier (BBB). About 5% o, 
?he total dose can be found in the brain, proving the 
opportunity for high-quality scintigraphy. 

One limitation for the use of dioxime HMPAO has been 
that the complex is stable only for 30 min in vitro. 

More stable complexes for brain scintigraphy have been 
developed recently. One of these is 1,2-ethylened.ylb.s-,, 
cysteine diethyl ester (ECD). 
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me proposed structure of the ^-MDP complex is 
shown above* Two MDP molecules bind to each «TC", and 
each MDP acts in a bidentate manner. ... ^ 

When injected into a normal P^l^^^LjL" if, 
distributed to the whole skeleton. The MDP «s absorbed by all 
S ee Is because of its phosphorus content, which is used as 
STuiS ng fSck for the bone substance hy<lroxyapa«te7 
When injected into a patient with bone metastases, the drug 
will be SSntrated in areas of high meubolic activity , which 
™ one of £e characteristics of cancer cells. This technique 
gives the possibility for detection of metastases down to a few 
mm in size in all parts of the skeleton. 

Brain 

Scintigraphic examination of the brain is highly versatile in the 
c£e Keases like cerebral infarction strokes abc^sas and 
tumours" The regional cerebral blood flow (rCBF) is 
measured and areas^ith increased or reduced blood flow can 

^rTn'scans are also proving useful in the difficulty diagnosis 
of Alzheimer's disease. Alzheimer's disease is expressed 
JhySologkally as a bilateral temporoparietal hypoperfusion 
and Sn be detected by the use of a 
One chelator for the measurement of rCBF is the dioxime 

HMPAO. 
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"Tc^-ECD 

The compound is of a class of radiopharmaceuticals utilizing 
N and S as Ugand moieties. It binds «Tc- in a stable lipophilic 
complex vEh is able to cross the BBB. The complex is 
3 1 m the brain by metabolic transfer to a hydroph.l.c 
monoacid Tester."' The complex concentrates in the cytosol of 
ceHs The indications for *Tc™-ECD are the same as 
for *Tc" SLme HMPAO, but , because of its better mnm 
stability of >6h, it is more useful to nuclear medicine 
departments. 

Heart 

One of the most important diagnostic uses of ""c'earmcdicine 
is in cardiology for the examination of myocardal perfusion for 
diagnosis of infarction and ischemia. 
Traditionaly, such studies were performed with the use ol 

thi!ium-201 (V), which is 'f^^^^l^^n 
But now technetium complexes for this use have occn 

^Spound for use in heart scintigraphy with -Tc- is 
methoxyisobutyl isocyanide (MIBI). 
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">Tc m -hexaM1BI 

Each MIBI acts monodentally. so that six MIBI mo»ecule> 
are needed to form a hcxa MIBI complex with single Tc 
cations n The complex will be cationic and be absorbed into 
the parenchymal cells of the heart myocardium. ■-■ 

Note that', since MIBI is monodentate it is not real l> ; 
chelator. The definition of a chelator is that it binds o 
central metal with at least two bonds and MIBI is 
monodentate ligand. However, MIBI is mentioned here 
because of its important place in nuclear medicine. 

Valuable information can be obtained when several he 
scans are combined to pro vide > a dy namic : vie w oHhc hca« 
function by the sophisticated computer software in in, 
gamma-ray camera. 
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DTPA (see structure 13 ) is a familiar substance to most 

cxSveW by glomerular filtration short y after injettion. 
D^Afe used traditionally in nuclear medicine, but new drugs 
have been developed for use in kidney scintigraphy 

An example is mercaptoacetyltng yc.ne (MAG^. *Tc - 
MAG 3 is excreted by tubular excretion and can be used to 
determine effective renal plasma flow. 
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*Tcm-iyrPA and *Tc™-MAG 3 are passed through i the 
kidneys SSL any binding to kidney ^J^^ 
tion and conditions like infarction can be determined by 
use of dimercaptosuccinic acid (UMbA). 
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The diacetic acid derivative, mebrofenin, is an IDA 
deSative S a bromo substitution on the benzene ring. Two 

after injection. 16 
Lungs 

Perfusion studies of the tags en i detect P""?^"*^ 
SllSS ESs SPtae, bu. with the lo« tnolat quantioes of 

radioactivity. 



<w Tc m -DMSA concentrates in the kidney cortex being 
retained in the proximal tubuli. About 50% ofthe tee * 
found in the cortex 2 h after injection, making "T<?»-DMSA 
well suited for cortex scintigraphy. 

UverlHepatobUiary System 

The hepatobiliary system can be -.visualised and I its function 
examined by the use of an iminodiacetic (IDA) derivative. 



Oncology 

Detection of tumours by scintigraphy has traditionally been 

SpTexeS Action of bone metastases by the use of 
"ita development of advanced biotechnology has given new 

r tr g C, iechnetium, antibodies can be labelled using two 
"fjfiSSSSS* to the su.fhydry. groups d f the antibody 

mmmm 
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methods to accomplish this, though the Schwarz method is the 

^ST.£2S approach uses the principle of bifunctional 
chS^T?his PP case. a bifunctiona! chelator may be 
aSed to the antibody Fc-chain by the organic d"**^ 
Afunctional chelator may for example be DTP A. I eenneuum 
may theTbe chelated by the DTPA moiety in , ai regular 
manner Even though this technique leaves rmore 
tumour-specific and gives a better tumour uptake, the U If A 
atSmen? procedufe may be complicated and laborious, 
limiting the use of the technique (Fig. 2). 

Experimental Chelators 

The oneoing research on chelators for use with -»Tc"< in 
^dear medicine is, to a great extent, focusing on smaRer 
bTomolecules like proteins and peptides. ™etrend^ 
the active site of larger biomolecules and synthesize the 
oroteSpSe identical to the active site. Then abifuncuonal 
Effio bind ^Tc- is attached, and if the targeting 
propert es of the biomolecule can be left unaltered he 
Sex could potentially be used for imaging tumours 
Son and inflammation." The advantages * working wrth 
smaller biomolecules are that they can easily be synthesized 




Tc-labelled antibody 
Fig. 1 Direct labelling of monoclonal antibodies with 



CO,H 




and that the in vivo blood clearance is rapid, allowing tumour 
isolation in the obtained images. 

Another exciting field within research for new radiophar- 
maceuticals is the development of antisense oligonucleotides. 
These are synthetic DNA analogues that can internalize in 
tumour cells and with a bifunctional chelator attached they 
could deliver the radionuclide intracellular))'.- This approach 
can potentially provide a new and sensitive way of tumour 
detection. 

Conclusions 

A number of chelators exist for routine use with "Ttf" for 
highly sensitive studies of the brain, heart, skeleton, kidneys, 
hepatobiliary system and lungs, and for detection of tumours 
and metastases. A common characteristic for tcchnet.un, 
chelators is the presence of multiple electron-donor groups 
like nitrogen, oxygen and sulfur. The complexes formed with 
ore" must be stable and, perhaps most importantly they 
must be target-specific to the site of interest in the human 
body. 
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Human melanoma cells inoculated 
intradermal^ into congenitally immune-deficient 
mice initiate angiogenesis and give rise to tumors 
with a human parenchyma and a murine stroma. 
These tumors are similar to the donor patients' 
tumors with respect to histological appearance, 
karyotype and molecular pathology. The cellular 
treatment sensitivities and the organ-specific 
metastatic patterns of the donor patients' tumors 
are also retained after xenotransplantation. 
Consequently, human melanoma xenografts are 
exciting experimental models that show great 
promise for future studies of the molecular 
biology, angiogenesis, pathophysiology, 
treatment sensitivity and metastatic behavior of 
malignant melanoma. 

THE worldwide incidence of malignant melanoma is increasing sub- 
stantially. In North America, a doubling of the incidence rate has 
occurred each decade for the past 40 years. The prognosis of ad- 
vanced melanoma is poor owing to its general resistance to the various 
forms of therapy. Approximately three-quarters of all deaths from 
skin cancer result from melanoma 1 . 

Advances in the management of melanoma require experimental 
model systems for the exploration of basic mechanisms governing 
the clinical behavior of this disease and for the development and pre- 
clinical testing of novel diagnostic and therapeutic approaches. Ideally, 
experimental melanomas should show an identical behavior to 
melanomas in humans and, at the same time, be suitable for all types 
of experimental procedures. The ideal model system does not exist. 
However, several appropriate models for studying the progression 
diagnosis and therapy of melanoma are available (Box 1). Animal 
models are considered to be more clinically relevant than in vitrc 
models. However, in vitro models are less complex than anima 
models and are thus usually more suitable for mechanistic studies. 

The most widely used in vitro models include established humai 
melanoma cell lines grown in monolayer or suspension culture an( 
human melanoma multicellular spheroids. Multicellular spheroid 
are particularly interesting because they are intermediate in complex 
ity between monolayer cell cultures and solid tumors. They develoi 
gradients of critical metabolites such as oxygen, glucose, lactate am 
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Box 1. Experimental model systems for 
human melanoma 



In vitro models 

• Monolayer and suspension cultures of human melanoma cell lines 

• Multicellular spheroids of human melanoma cells 

Murine in vivo models 

• Murine melanomas developing in transgenic mice 

• Murine melanomas transplanted to syngeneic host mice 

Human in vivo models 

• Human melanomas transplanted to athymic nude (nu/nu) mice 

• Human melanomas transplanted to beige-nude (bg/bg nu/nu) mice 

• Human melanomas transplanted to nude-XlD (nu/nu xid/xid) mice 

• Human melanomas transplanted to beige-nude-XID (bg/bg nu/nu 
xid/xid) mice 

• Human melanomas transplanted to SCID (scid/scid) mice 

• Human melanomas transplanted to athymic nude (rnu/rnu) rats 



H + , and probably also of other nutrients, hormones and growth fac- 
tors. Multicellular spheroids model avascular melanoma micrometas- 
tases and intervascular microregions of primary melanomas and 
larger metastatic deposits. A comprehensive review of the biology 
and treatment sensitivity of multicellular spheroids has been pub- 
lished by Sutherland 2 . 

Spontaneous melanomas in laboratory animals are extremely rare. 
A transgenic mouse developing ocular and cutaneous melanomas has 
therefore been created by Mintz 3,4 and co-workers. The transgene of 
this mouse consists of the tyrosinase promotor (expressed in 
melanocytes) fused to the coding regions of simian virus 40 early 
genes (Tyr-SV40E). The tumors of Tyr-SV40E transgenic mice are 
histopathologically similar to corresponding melanomas in humans: 
the ocular melanomas are aggressive, highly invasive and metastasize 
to local and distant sites; the cutaneous melanomas show a multistep 
tumor progression paralleling the sequence in human melanoma. 
iyr-SV40E transgenic mice have a significant potential in studies 
of mechanisms underlying the development and metastasis of 
melanoma. Extensive utilization of this potential is expected when 
these mice become generally available. 

The most frequently used animal models today are based on 
transplantation of tumor tissue. Two categories of transplantable 
melanomas are available: (1) melanomas derived from tumors that 
have arisen in rodents and have been transplanted to immunocompe- 
tent syngeneic animal recipients (rodent models); and (2) melanomas 
derived from tumors that have arisen in cancer patients and have 
been transplanted to immunologically incompetent animal recipients 
(human xenograft models). Human xenograft models are usually 
preferable to rodent models; transplantable rodent melanomas are, 
at best, nonspecific models for human melanoma, whereas trans- 
plantable human melanomas are considered to model 'adequately* 
the biology of the specific neoplastic disease of the donor patient 5 . 

Melanoma is a heterogeneous disease. No single human 
melanoma xenograft model is therefore appropriate for all types of 
questions related to this disease and research groups should endeavor 
to have available a panel of models. A panel is particularly useful if 



it is composed of melanoma xenograft lines that differ substantially 
in their biological characteristics, and, at the same time, reflect the 
biology of the donor patients' tumors 5 . The validity and usefulness of 
human melanoma xenografts as models for melanomas in humans 
are reviewed here. The advantages and disadvantages of melanoma 
xenograft models as a whole are summarized in Box 2. 

Human melanoma xenografts 

Recipient animals 

Human melanomas xenotransplanted to immunologically compe- 
tent rodents are usually rejected. The rejection of transplanted for- 
eign malignant and normal tissues in immunologically competent 
animals is mediated by mature T cells, which develop in the thymus. 

Before 1970, human melanomas were xenotransplanted to rodents 
in 'immunologically privileged' sites such as the anterior chamber of 
the eye, the cerebrum and the hamster cheek pouch. They were also 
transplanted to rodents made immunologically incompetent by 
thymectomy, whole-body irradiation and/or treatment with immuno- 
suppressive chemical agents. These earliest xenotransplantation sys- 
tems were of limited usefulness, mainly because of the low rates at 
which tumors became established and the difficulties in obtaining 
serially transplantable melanoma lines. 

The use of xenotransplanted human melanomas as models for 
melanomas in humans entered a new era in 1 966 with the discovery 
and characterization of the congenitally athymic nude (nu/nu) 
mouse 6 . This mouse mutant has no thymus at birth, reduced antibody 
production in response to a variety of antigen challenges, and almost 
no cell-mediated immune responses. Athymic mice accept xenotrans- 
planted human tumor tissue readily without immunosuppressive 
treatment, and the first successful xenotransplantation of human 
tumor tissue was reported in 1969 by Rygaard and Povlsen 7 . Since 
the early 1980s, mice with other genetic immune-deficiencies have 
also been used as hosts for xenotransplanted human tumors: the 
beige-nude (bg/bg nu/nu) mouse, the nude-X-linked immune- 
deficient (XID) (nu/nu xid/xid) mouse, the beige-nude-XID (bg/bg 
nu/nu xid/xid) mouse and the severe combined immune-deficient 



Box 2. Advantages and disadvantages 
of human melanoma xenografts 



Advantages 

• Human melanoma xenografts reflect the histological appearance, 
karyotype and molecular pathology of die donor patients ' tumors . 

• Cells isolated from human melanoma xenografts and donor 
patients' tumors show similar treatment sensitivities in vitro. 

• Human melanoma xenografts show organ-specific metastatic pat- 
terns similar to those of the donor patients' tumors. 

Disadvantages 

• The volumetric growth rate in the recipient animal is raster for 
human melanoma xenografts man for the donor patients' tnmois in situ. 

• The hematological system and the vascular network of human 
melanoma xenografts originate from the recipient animal tamer man 
from me patient . 

• Immune reactions of the recipient animal are active against human 
melanoma xenografts. ' !: 
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Glossary 

Bioluminescence imaging - A method for obtaining information on the distribution of 
metabolites (e g ATP, glucose, lactate) in tissues. The method is based on the detection 
of light emfced from cells as a result of oxidation of substrates in the presence of luciferase. 
Cytokine - An extracellular signaling protein or peptide that acts as a local mediator in 
cell-cell communication. 

Karyotype - The full chromosome set of the nucleus of a cell or the photomicrograph 
of chromosomes arranged according to a standard classification. 
Killer cells - Differentiated T cells that can recognize and lyse target cells bearing 
specific antigens recognized by their antigen receptors. 

Melanoma - A malignant tumor arising from the melanocyte system of the skin and 
other organs. 

Metastasis - A secondary tumor growing in a site distant from the site of the primary 
tumor. A metastasis results from malignant cells released from the pnmary tumor and 
transferred to the distant site, usually via blood or lymph. 

Natural killer (NK) cells - Lymphocytes without B- or T-cell surface markers that medi- 
ate cytotoxic reactions without prior sensitization against the target. NK cells can lyse a 
wide variety of tumor cells and are probably important in natural resistance to tumors. 
Nuclear magnetic resonance (NMR) imaging and spectroscopy - Noninvasive 
methods for obtaining information on anatomical structures, physiological conditions and 
chemical compositions of tissues. The methods are based on interactions between radio- 
frequency fields and magnetic nuclei (for example, U 13 C. «N, l9 F, 31 P) in a magnetic field. 
Oncogene - A gene whose activation is associated with the initial and continuing con- 
version of normal cells into cancer cells. 

Organ-specif ic metastasis - The predilection of a tumor for developing metastases in 
a specific organ. 

Orthotopic tumor cell inoculation - Inoculation of tumor cells into their 'normal' 
anatomical position corresponding to their origin. 

Spin-lattice (7;) and spin-spin (TJ relaxation times - Time constants describing the 
rates at which an excited nucleus relaxes back to its normal state. Differences in proton 
7, and T 2 between tissues produce contrast in NMR images. 
Tumor anglogenesis - The induction of the growth of blood vessels from surrounding 
tissue into a solid tumor by diffusible chemical factors released by the tumor cells. 
Tumor differentiation - The extent to which the histological appearance of a tumor 
resembles that of its normal tissue counterpart. 

Tumor hypoxia - Regions of oxygen deficiency in tumor tissue which, if prolonged, 
can lead to tumor cell death. 

Tumor Interstitial fluid pressure - The pressure of the interstitial fluid in tumor tissue, 
usually within the range 1-50 mmHg. 

Tumor necrosis - Morphological changes in tumor tissue indicative of cell death, 
caused by the progressive degradative action of enzymes. 
Tumor parenchyma - The functional element of a solid tumor (i.e. the malignant cells) 
as distinguished from its framework, or stroma. 

Tumor stroma - The supporting tissue or matrix of a solid tumor, as distinguished from 
its functional element, or parenchyma. 

Tumor suppressor gene - A gene whose deactivation is associated with the initial and 

continuing conversion of normal cells into cancer cells. 

Xenograft - A graft of tissue transplanted between animals of different species. 



(SCID) (scidlscid) mouse (Box 1). The beige 
(bg/bg) and XID (xidlxid) genes confer impaired 
natural killer (NK) and B-cell activity, respectively. 
The SCID mouse lacks both functional B and T 
cells because of nonfunctional rearrangements of 
the immunoglobulin and T-cell receptor genes. 
The athymic nude (rnu/rnu) rat, first described in 
1978 (Ref. 8), has been used only to a limited 
extent in experiments involving xenotransplan- 
tation of human melanomas. 

Comprehensive studies of the biological be- 
havior and treatment sensitivity of a given melanoma 
require that the tumor is serially transplantable 
and can thus be subjected to different types of ex- 
periment over a long period of time. Several serially 
transplantable human melanoma xenograft lines have 
now been established and characterized, particularly 
in the nu/nu mouse and the SCID mouse. Either 
the nu/nu mouse or the SCID mouse was used as 
the recipient animal in all the studies described in 
this review unless otherwise stated. Experiments 
performed so far have suggested that there are no 
consistent differences in the biological characteristics 
of human melanoma xenografted tumors growing 
in either of these immune-deficient hosts. 

Mouse anti-human immune reactions 

Studies performed in immune-deficient mice have 
shown that recipient immune reactions are active 
against human tumor xenografts; although the cells 
responsible have not been identified conclusively, 
there is evidence of contributions from residual 
mouse T cells, NK cells and macrophages as well as 
other immune cells 9 , bg/bg nu/nu xidlxid mice and 
nu/nu mice show similar immune responses against 
xenotransplanted human tumor cells. Although the 
immune responses evoked in SCID mice are lower 
than those in nu/nu mice, they are still significant. 

Immune reactions of the murine host would be 
expected to influence the transplantabiliry, response 
to therapy and metastatic propensity of human 
tumor xenografts. Studies of human melanoma 
xenografts have also shown that the magnitude of 
the immune reactivity of the recipient differs sig- 
nificantly depending on the tumor line used 10 . The 
use of melanoma xenografts to explore the basic 
mechanisms underlying the clinical behavior and 
treatment sensitivity of melanomas in humans thus 
requires quantitative knowledge of the immune 
responses evoked by each xenograft line. Alterna- 
tively, immunosuppressive treatments to eliminate 
the immune reactivity in the recipient animal can 
be used if the immune responses are incompatible 
with the aims of the experiment. 

Establishment and maintenance 

Human melanoma xenograft lines can be es- 
tablished by several methods (Fig. 1). Immediately 
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Growth and differentiation 

Human melanoma xenograft lines fre- 
quently increase their volumetric growth rates 
during the first 3-5 passages in vivo, poss- 
ibly as an adaptation to the new environment 
Following subsequent transplantations, many 
lines retain relatively constant growth rates, 
even for several years. 'Permanent* melanoma 
xenograft lines studied in our laboratory 



b 

Tumor cut 
into fragments ^ 



after surgery to remove melanoma tissue, the surgical specimens are 
put into culture medium. Normal tissue, necrotic areas and blood 
clots are removed before the melanoma tissue is cut into small frag- 
ments. Single-cell suspensions are prepared by enzymatic disaggre- 
gation of the fragments. Both tumor fragments and aliquots of single- 
cell suspensions can be used to initiate melanoma xenografts. Tumor 
fragments are implanted subcutaneously whereas cell suspensions are 
usually inoculated intradermally. Transplantation to these sites facili- 
tates inspection of the tumor and measurement 
of its growth. The procedure is then repeated 
using xenografted tumors as source tissue. 
Some melanomas show histopathological 
changes during the initial passages in mice, 
but stable xenograft lines are usually obtained 
within ten passages. Melanoma xenograft 
lines can be established from both primary 
tumors and metastatic lesions, but the rate of 
success is higher for metastases than for well- 
differentiated primary tumors. 

Inoculation of tumor cells into their normal 
anatomical position (i.e. orthotopic inocu- 
lation) is a necessary prerequisite for xeno- 
grafted tumors to retain the essential biologi- 
cal features of the donor tumor tissue* u: . If a 
tumor is heterogeneous, some of the tumor 
cells might possess a growth advantage at the 
transplantation site, depending on the con- 
centrations of growth stimulatory and in- 
hibitory factors and of angiogenic stimulatory 
and inhibitor}' factors 13 ' 4 . The concentrations 
of organ-derived growth and angiogenic fac- 
tors differ substantially among normal tissues, 
and the interaction of xenografted tumor ceils 
with the relevant organ microenvironment 
seems to be particularly important for accu- 
rate reproduction of the metastatic behavior 
of human tumors 512 " 14 . 

The melanocyte, the normal-cell counter- 
part of the melanoma cell, is normally located 
at the dermal-epidermal junction of the skin. 
Intradermal inoculation of melanoma cells 
therefore results in orthotopic tumors within 
a short time as the tumor cells infiltrate the 
epidermis of the mouse and interact with the 
dermal-epidermal junction. Probably for this 
reason, there is substantial evidence that 
intradermal tumors are more relevant models 
for human melanoma than are subcutaneous 
tumors 5,12 . 



have shown volume-doubling times ranging from 2 to 65 days at a 
tumor volume of 200 mm\ which is considerably shorter than those 
reported for melanomas in humans. In a few lines, the increased vol- 
umetric growth rate was found to be a consequence of either an 
increased rate of cell proliferation or the selection of rapidly prolifer- 
ating cell subpopulations. For most of the lines, it resulted from a 
reduction in cell loss by necrosis and also a reduced rate of removal 
of necrotic material. 
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Figure 1. Establishment and maintenance of human melanoma xenograft lines. The primary tumor or a 
metastasis, of a melanoma patient (a) is removed surgically and cut into small fragments using scalpels 
(b). A small incision is made in the skin in the flanks of recipient mice and tissue fragments are pos- 
itioned subcutaneously using a pair of tweezers (c), resulting in the development of subcutaneous 
melanoma xenografts (d). Alternatively, a single-cell suspension is prepared by enzymatic treatment of 
tissue fragments (e) and aliquots are inoculated intradermally using a Hamilton syringe (f), resulting in 
the development of intradermal melanoma xenografts (g). The subcutaneous (d) and intradermal (fl) 
melanoma xenografts are then removed surgically, and fragments (h) and single-cell suspensions (I) are 
prepared for transplantation to the second generation of recipient mice or for further analysis in vitro (|) 
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Figure 2. Immunohistochemical image of the human parenchyma and the 
murine stroma of a human melanoma xenograft grown intradermal^ in an 
athymic nude mouse. The stroma was stained brown using polyclonal 
rabbit anti-laminin and standard immunoperoxidase procedures. Hema- 
toxylin was used for counterstaining. 



Light- and electron-microscopic examinations have revealed a 
close correlation in histological appearance between the tumors of 
many 'permanent' human melanoma xenograft lines and the source 
tumors in the donor patients 5 j: ; the extent of cellular pleomorphism 
and nuclear atypia is usually similar, and even the degree of differen- 
tiation is frequently well retained. This in itself is remarkable, be- 
cause it means that human melanoma cells 
have the ability to stimulate connective tissue 
cells from the recipient mouse to provide a 
stroma whose structure resembles that of the 
source tumor. 



Biological studies 

Molecular pathology 

Early xenotransplantation studies showed 
that the characteristic features of the karyo- 
types of donor patients' tumors were retained 
in xenografted melanomas. More recently, it 
has been shown that the activation, re- 
arrangement and expression of oncogenes, as 
well as the expression and mutation pattern 
of tumor suppressor genes, are retained dur- 
ing xenotransplantation. These observations 
make it possible to use xenografted tumors to 
study, in detail, relationships between genetic 
characteristics of melanomas and their 
biology and response to therapeutics. As some 
oncogenes code for growth factor receptors, 
human melanoma xenografts are also useful 
models for studying the effects of growth 
factors and the identification of methods for 
blocking growth factor receptors. 

Xenografted tumors of transfected human 
melanoma cells can be utilized to obtain 
information on the biological effects and 
therapeutic consequences of the expression 



of distinct genes. Some studies of this type can be performed using 
human melanoma monolayer cell cultures or multicellular spheroids 
as model systems, but many biological effects and therapeutic 
approaches can be more comprehensively studied by using in vivo 
model systems. Human melanoma xenografts are therefore very use- 
ful in these situations. 

Antigen expression 

The antigenic profile of donor patients' tumors is generally re- 
tained in human melanoma xenografts. They have therefore been 
useful models for the pre-clinical evaluation of the effectiveness of 
monoclonal antibody conjugates in the imaging and treatment of 
melanomas in humans 151 *. Human melanoma xenografts have been 
particularly useful for comparing the effectiveness of F(ab ) : frag- 
ments with that of whole immunoglobulins and for comparing the 
effectiveness of targeting intracellular antigens and membrane- 
associated antigens. The effects of varying antibody dose, of different 
radionuclide-antibody conjugates and of using interferons to enhance 
antigen expression have also been evaluated in human melanoma 
xenografts, and the effects were predictable for those in patients. 
However, the extent of tumor detection and the effectiveness of therapy 
with radiolabeled monoclonal antibodies have been overestimated 
usine human melanoma xenografts when compared with melanomas 
in humans. The uptake of antibodies is 100-1000-fold higher in 
human melanoma xenografts than in melanomas in patients. This re- 
sults, in part, from the fact that antibodies with a high specificity for an 
antigen on human melanoma cells will not usually cross-react with the 
equivalent antigen on normal mouse cells; thus there is less 'loss of 
antibody' in vivo in the mouse. Moreover, the use of mouse-derived 




Figure 3. Human melanoma xenografts can develop metastases in athymic nude mice. The primary 
tumor was inoculated intradermal^ m the flank and removed surgically when a diameter of 1 0 mm was 
reached, (a) Athymic nude mice with lymph node metastases: one with a metastasis in the inguinal 
region, the other with a metastasis in the interscapular region, (b) Lungs of athymic nude mice with 
metastases: one pair with many small deposits, the other pair with a few large colonies, (c) Histopatho- 
logjcal appearance of a lymph node metastasis, (d) Histopatrwtogical appearance of lung metastases. 
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antibodies in a recipient mouse cannot pre- 
dict the behavior of the same antibodies in 
patients; this is particularly likely when mul- 
tiple injections are implied therapeutically, 
which would be expected to elicit an immune 
response in patients, but are much less likely 
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Pathophysiology 

Xenotransplanted human melanomas 

promote neovascularization in the recipient 

mouse via endogenous tumor angiogenic 

factors. The vascular network and supporting 

stroma of human melanoma xenografts thus 

originate from the recipient, whereas only 

the tumor parenchyma is of human origin 

(Fig. 2). Moreover, the transport of oxygen 

to xenografted melanomas depends on the 

erythrocytes of the recipient mouse, which 

differ in several important respects from 

human erythrocytes; for example, the oxy- 
hemoglobin dissociation curve for mouse 

blood is shifted to the right relative to that for 

human blood. The extent of the pathophysio- 
logical differences between melanomas in 

humans and in the xenografts, and possible 

implications for the validity of human 

melanoma xenografts as models for human 
melanoma, have yet to be elucidated. 

Although the 'building blocks' of the vas- 
cular system of human melanoma xenografts 
originate from the recipient mouse, there is 
significant evidence that the 'architecture' of 
the capillary network and the rate of blood 
perfusion are determined, at least in part, by 
characteristics of the human parenchymal 
tumor cells. Thus, it has been shown that 
different human melanoma xenograft lines 
possess individual and characteristic micro- 
vascular structures, vessel densities and 
perfusion rates in vivo 51 * 19 . The 'patterns' of 
these characteristics in melanoma xenograft 
lines are also similar to those of the corre- 
sponding donor patients' tumors in sin?. 

The pathophysiological conditions of hu- 
man melanoma xenografts are not just a con- 
sequence of the vascular supply, but also 
depend directly on distinct genetic and bio- 
chemical properties of the human parenchy- 
mal tumor cells; these affect the oxygen and 
glucose consumption and metabolic activity in the tumor, and the 
ability of the tumor cells to survive under hypoxic stress, acid pH 
and low glucose concentrations. The consequence of this is that 
melanoma xenograft lines derived from different patients differ sig- 
nificantly with respect to their rate of angiogenesis, interstitial fluid 
pressure, distribution of oxygen tension and bioenergetic status, param- 
eters that can be visualized using 31 P nuclear magnetic resonance 
( J, P-NMR) spectroscopy and glucose, lactate and ATP biolumines- 
cence imaging 20 - 21 . Comparative studies of these parameters in human 
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Figure 4. Studies of metastasis of human melanoma xenografts. The primary tumor or a metastasis of a 
melanoma patient (a) Is removed surgically and cut into small fragments using scalpels (b). A single-cell 
suspension is prepared by enzymatic treatment of the tissue fragments (c) and aliquots are inoculated 
into the circulation of recipient mice (d). Some weeks later, metastases develop in distant organs (e) 
Ahematively, aliquots of the eel! suspension are inoculated intradermally in recipient mice (f) and primary 
tumors develop (g). These are then removed surgically (h) and metastases develop in distant organs 
some weeks h w m 



melanomas in situ and in the xenografted tumors derived from them 
have yet to be performed, but would be very useful to evaluate the 
validity of human melanoma xenografts as models for human 
melanoma in studies of tumor pathophysiology. 

Metastasis 

Tumor metastasis, the spread of malignant cells from the primary 
neoplasm to regional and distant sites, is the major cause of death 
of patients with melanoma. Significant efforts have been made to 
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Figure 5. Bioiuminescence images showing the regional distributions of ATP, glucose and lactate in 
relation to histology of a human melanoma xenograft. The ATP and glucose concentrations are higher in 
viable (v) than in necrotic (n) tissue, whereas the lactate concentrations are similar in these regions. 
Significant heterogeneities in the ATP, glucose and lactate concentrations are seen within the viable 
tissue. Reproduced by courtesy of Professor W. Muller-Klieser, Institute of Physiology and Pathophysiology, 
University of Mainz, Germany. 



establish xenograft models for the study of the metastatic behavior 
of human melanoma. The earliest attempts used tissue fragments 
to initiate subcutaneous tumors, but met with no success as metas- 
tases developed extremely rarely. Some subcutaneous tumors initiated 
from single-cell suspensions did develop metastases, but the metastatic 
frequency was low 22 . Recent comparative studies have shown that 
orthotopic human melanoma xenografts develop distant metastases 
quite frequently, whereas subcutaneous tumors of the same melanoma 
xenograft lines never, or only rarely, develop metastases 5,12 . This 
difference might be related to the observation that subcutaneous 
transplantation gives rise to tumors surrounded by a dense fibrous 
capsule, whereas intradermal inoculation results in invasively grow- 
ing tumors 11,12,14 . 

Melanoma xenograft lines developing metastases in the recipient 
mouse have now been established both from the primary tumor and 
from a metastatic lesion from several patients 23 " 26 (Fig. 3). Subpopu- 
lations of cells differing in metastatic propensity have been isolated 
from some of these lines by cloning cells in vitro or in vivo 25 ' 26 . The 
subpopulations with the highest metastatic propensity have been iso- 
lated from metastatic foci in mice inoculated with the parent line. 
Although artificial melanoma metastasis, induced by wide dissemi- 
nation of tumor cells, can be studied by inoculating tumor cells into 
the circulation of the mouse via the lateral tail vein, hepatic portal 
vein, internal carotid artery or left ventricle of the heart, spontaneous 
metastasis of melanoma can only be reliably induced after orthotopic 
inoculation of tumor cells into the dermis of the mouse. In these 
'spontaneous metastasis' experiments, the rapidly growing primary 



tumors are usually removed surgically to 
allow time for the smaller metastases to 
develop before the recipient mouse has to be 
killed for humane reasons (Fig. 4). 

Interestingly, melanoma xenografts show 
an organ-specific metastatic pattern that 
reflects the pattern of distant metastasis in 
the donor patient 5 . A given line develops the 
same organ specificity for metastasis after 
intravenous, intra-arterial or intradermal in- 
oculation. The organs of preference for four 
lines established in our laboratory were the 
lungs for lines A-07 and D-12. lymph nodes 
for line R-18 and the brain for line U-25. The 
donor patients had all developed regional 
metastases at the time of initial diagnosis, 
and the patient from whom line R-18 was 
derived presented with extensive metastatic 
deposits in lymph nodes within the thorax 
and abdomen. The other patients developed 
distant metastases subsequent to the initial 
diagnosis, first in lymph nodes and then in 
the lungs in the patients from whom the lines 
A-07 and D-12 were derived, and in the brain 
for the patient from whom the U-25 line was 
derived. The deaths of the patients resulted 
from distant metastases involving the lungs 
( 4 A-07* and *D-12* patients), the lymph nodes 
CR-I8' patient) and the brain patient). 
Human melanoma xenografts would thus 

i appear to be interesting model systems for 

studying the molecular mechanisms governing 
organ specificity in the metastatic behavior of melanoma. However, 
it is not known whether the interactions between (1) melanoma cells 
and organ-derived growth-stimulatory and -inhibitory factors and 
(2) organ endothelium and melanoma-derived angiogenic-stimulatory 
and -inhibitory factors are similar in melanoma patients and immune- 
deficient murine hosts. 

The metastatic frequency of human melanoma xenografts might, 
however, be a misleading quantitative measure of the intrinsic 
metastatic propensity of the melanoma cells owing to the cell-line- 
dependent immune reactivity of the host 10 . This can be illustrated by 
using the development of lung metastases from lines A-07 and D-12 as 
an example. The number of lung metastases developed by line D-12 
is approximately eightfold higher than that developed by line A-07. 
However, the immune response evoked by line A-07 is approximately 
sixfold higher than that evoked by line D-12. These observations show 
that the intrinsic propensity for the development of lung metastases 
does not necessarily differ between the two cell lines A-07 and D-12; 
the lower number of lung metastases developed by line A-07 was 
probably mainly due to the higher immune response evoked in the 
recipient mice, rather than being caused by a lower mtrinsic metastatic 
propensity. Consequently, if attempts to identify genes, membrane pro- 
teins or molecular mechanisms that elicit and augment organ-specific 
lung metastasis assumed that the cells in line D-12 were more meta- 
static than the cells in line A-07. this would be misleading. Quantitative 
assessment of the intrinsic metastatic propensity of human melanoma 
xenografts requires, in addition, detailed examination of the host 
immune reactivity against the melanoma cells. 
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Diagnostic and therapeutic studies 

Diagnosis 

In mosi hospitals, the routine diagnosis of 
melanoma aim> to differentiate between 
benign and malignant melanoma-like lesions 
and to assess the invasion of primary malig- 
nant melanomas, and the nature and location 
of the dissemination of metastases. The 
physiological conditions in the tumor micro- 
environment differ substantially between in- 
dividual melanomas, and there is significant 
clinical evidence that the prognosis of 
melanoma patients depends on the tumor 
physiology as well as on the stage of the dis- 
ease. The diagnosis of melanoma might be 
improved if conventional diagnostic methods 
were supplemented with methods for assess- 
ing the physiological microenvironment. 

Melanomas in some patients develop 
necrotic regions during their grow th, mainly 
because of inadequate blood supply. The 
microenvironment of the cells of such tumors, 
particularly cells close to necrotic regions, is 
characterized by hypoxia, low extracellular pH, 
nutritional deprivation and elevated inter- 
stitial fluid pressure. This abnormal microen- 
vironment promotes tumor progression and 
causes resistance to treatment. Hypoxia, acidity 
and low glucose levels alter the expression of 
several genes, such as those coding for p53, 
hemoxygenase. vascular endothelial growth 
factor and cathepsin L, which might lead to 
increased resistance to treatment with some 
chemotherapeutic agents, increased angiogen- 
esis and increased metastatic frequency 27 . 
Hypoxic cells are more resistant to treatment 
with ionizing radiation and some chemothera- 
peutic agents than are aerobic cells because 
oxygen is necessary for some types of DNA 
damage to occur 28 . Moreover, tumors with an 
elevated interstitial fluid pressure are resist- 
ant to treatment modalities involving macro- 
molecules because of the poor diffusion of macromolecules into the 
central regions of such tumors 29 . Human melanoma xenografts are 
currently being used as tumor models in an attempt to develop ad- 
equate methods for characterizing the physiological microenviron- 
ment of melanomas. 

Metabolic imaging of cryosections of melanoma tissue, based on 
bioluminescence and single photon registration, is a promising tech- 
nique that makes it feasible to study the inter-relationship between 
the histological image and the spatial distribution of metabolites 21 
such as ATP. glucose and lactate (Fig. 5). Conventional diagnosis 
based on the examination of histological sections stained with Hema- 
toxylin and Eosin might be improved if metabolic images were used 
as a supplement to histological images. Metabolic images appear to 
mirror blood supply rather than the fraction of hypoxic cells in 
human melanoma xenografts, indicating that metabolic imaging 
might be used to assess the supply rather than the consumption of 
oxygen and nutrients 30 . 
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Figure 6. Comparison of sensitivity to treatment of cells isolated from donor patients' melanomas and 
melanoma xenograft lines derived from them (A-07, D-12, R-18 and U-25). The xenograft experiments 
were performed after stable melanoma lines had been established. The cells were treated in vitro with 
dacarbazine (D, 1 x 10 3 ^g ml -1 for 60 min), radiation (R, 2.0 Gy) or hyperthermia (H, 43.5°C for 60 min). 
The surviving cell fraction following a given treatment, measured using a soft agar colony assay 32 , dif- 
fered substantially between the four melanomas. Cellular sensitivity to treatment was retained during 
xenotransplantation. 



3, P-NMR spectroscopy is a potentially useful noninvasive method 
for characterizing the metabolic microenvironment of tumors in situ, 
and provides information related to lipid metabolism, energy metab- 
olism and intracellular pH. Studies of human melanoma xenografts 
have shown that 31 P-NMR spectroscopy can be used to monitor 
changes in the blood supply and the proportion of hypoxic cells in 
individual tumors following treatment 20 . The pre-treatment M P-NMR 
spectrum of each tumor serves as a control in such studies. However, 
it has not been possible to demonstrate correlations between param- 
eters derived from pre-treatment 31 P-NMR spectra and the blood 
supply or the proportion of hypoxic cells across different human 
melanoma xenograft lines. Although there are correlations between 
parameters derived from 3! P-NMR spectra and parameters describing 
the physiological microenvironment of human melanoma xenografts, 
different correlations exist for different lines. The clinical usefulness 
of 3I P-NMR spectroscopy has not been evaluated so far, although the 
response to treatment of melanoma patients has been shown to 
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depend on the phvsiological microenvironment of ihe tumor tissue. 
The xenograft studies suggest that ;, P-NMR spectroscopy has signifi- 
cant potential as a method for monitoring, but not for predicting, the 
response to treatment of individual melanoma patients-' . 

'H-NMR imaging is a well-established diagnostic method in clini- 
cal oncology that provides detailed information on macroscopic 
anatomical structures of tumors and surrounding normal tissues. Less 
attention has been paid to the technique as a potential method for 
providing information on metabolic and physiological conditions in 
tumors. This possibility has now been recognized, and rapid develop- 
ments are expected in this field. Studies of human melanoma 
xenografts have shown thai the spin-lattice (7,) and spin-spin {T 2 ) 
relaxation times are shorter in necrotic regions than in regions ot 
viable tissue* 1 . These differences are sufficiently large that 7 ; . 7", and 
synthetic spin-echo images show clear contrast between necrosis and 
viable tissue". The possibility thus exists that 'H-NMR imaging 
might in the future be used for the detection of necrotic regions in 
melanomas in humans and hence for predicting treatment resistance 
caused by hypoxia. 

Therapy 

The prognosis for patients with metastatic melanoma is poor 
because of the lack of efficient treatment modalities. Human 
melanoma xenografts are widely used as tumor models in attempts to 
develop new and improved treatment strategies, and adequate meth- 
ods for measunng the treatment sensitivities of xenografted tumors 
have been established. The clonogenicity of single-cell suspensions 
prepared from human melanoma xenografts can be measured in vitro 
using a soft agar assay 32 . This assay is used to determine the propor- 
tion of surviving cells following treatment in vivo or in vitro. It can 
also be used to measure the sensitivity to treatment in vitro of single- 
cell suspensions isolated directly from the melanomas of some 
patients. The sensitivity of human melanoma xenografts treated in 
vivo can also be measured in vivo in the treated mice by using local 
tumor control or tumor regrowth delay as an endpoint 33 . 

A key question is whether melanoma xenografts show treatment 
sensitivities similar to those of the donor patients' tumors. Compara- 
tive studies of the sensitivity to chemotherapy, radiotherapy or hyper- 
thermia in vitro of single-cell suspensions from donor patients' 
melanomas and melanoma xenograft lines derived from them have 
shown that the cellular sensitivity to a given treatment can differ sub- 
stantially among melanomas in different patients and that the cellular 
treatment sensitivities are retained during serial xenotransplantation 
(Fig. 6). This conclusion is in agreement with the conclusions from 
similar studies using patients' tumors and xenograft lines derived 
from cervix, breast, colon and bladder carcinomas 34 . 

The response to treatment of human melanoma xenografts in vivo 
depends on the growth, and the pathophysiological and immunological 
characteristics of the tumor tissue, in addition to the cellular treatment 
sensitivity. As described above, melanoma xenografts most probably 
differ from the donor patients' tumors in these characteristics. Thus, 
although it has been demonstrated that the cellular treatment sensitiv- 
ity in vitro of the donor patients' tumors is usually retained in 'per- 
manent' melanoma xenograft lines, this does not necessarily mean 
that the treatment sensitivity in vivo of melanoma xenografts mirrors 
the clinical treatment sensitivity of the donor patients' tumors. Studies 
in this field are sparse. However, the response of human melanoma 
xenografts in vivo to treatment with chemotherapeutic agents has 
been compared with the general clinical sensitivity of melanomas to 



the same chemotherapeutic agents. These studies suggested that 
human melanoma xenografts and melanomas in humans have a similar 
response pattern to chemotherapy* ,U| . Detailed comparative studio 
of the treatment sensitivity /// vivo of donor patients' tumors and 
melanoma xenograft lines derived from them have not so far been 
reported. 

Future developments 

Clinical studies have suggested that some melanomas respond 
well to various types of immunotherapy". Experimental models to 
study the interaction between human immune cells and human 
melanomas in vivo are needed. Recent studies have shown that human 
hemopoietic tissues and immune cells can survive and remain func- 
tional in SCID mice for several months 3 *- 3 ". The so-called SCID-hu" 
mouse has been shown to support the growth and metastatic spread 
of human melanoma xenografts'". This tumor model should allow 
novel studies of the effects of human immunity on melanoma growth 
and dissemination. Moreover, it could be used for the pre-clinica! 
evaluation of immunotherapies such as melanoma vaccines, antibodies 
for specific delivery of anti-melanoma agents and cultured human 
lymphoid cells such as tumor-infiltrating lymphocytes or lymphokine- 
activated killer cells. 

Summary 

Human melanoma xenografts have been shown to mirror the biol- 
ogy of the specific neoplastic disease of the donor patient and are 
therefore exciting experimental models for studies of the progression. 



The outstanding questions 

• How well do human melanoma xenografts in recipient 
mice mirror characteristics of the blood supply and the propor- 
tion of hypoxic cells in the donor patients' tumors? 

• How well does the response to therapy of human 
melanoma xenografts in vivo in recipient mice reflect the 
treatment sensitivity of the donor patients' tumors? How use- 
ful are human melanoma xenografts as models to evaluate the 
likely clinical effectiveness of new treatment strategies for 
melanoma? 

• To what extent do the interactions between (1) melanoma 
cells and organ-derived growth-stimulatory and -inhibitory factors 
and (2) organ endothelium and melanoma-derived angiogenic- 
stimulatory and -inhibitory factors differ between melanomas 
in patients and melanomas implanted in immune-deficient 
murine recipients? 

• Can the immune reactions in murine recipients against 
human melanoma xenografts be eliminated by immuno- 
suppressive treatment to avoid an 'artificially reduced* 
metastatic frequency and an 'artificially enhanced* treatment 
response? 

• Can die SCID-hu model, where human hemopoietic cells 
are established in an immune-deficient mouse, be used for 
melanoma studies? Will this model allow studies of the human 
immune response to human tumors, but in an animal model 
that can be manipulated, and will mis aid die development of 
clinical immunotherapy for melanoma? 



402 



MOLECULAR MEDIONfi TODAY. SEPTEMBER 1996 



Reviews 



diagnosis and therapy of malignant melanoma. The number of ques- 
tions that can be answered by careful experimentation with this 
model system will no doubt increase when routine methods for 
replacing the murine hemopoietic tissue with a human hemopoietic 
tissue are established. 
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Human breast cancer cell line xenografts as models of breast cancer — 
The immunobiologies of recipient mice and the characteristics of several 
tumorigenic cell lines 
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Summary 

The ability to maintain and study human tissues in an in vivo environment has proved to be a valuable tool 
in breast cancer research for several decades. The most widely studied tissues have been xenografts of 
established human breast cancer cell lines into athymic nude mice. Human breast tumor xenografts 
provide the opportunity to study various important interactions between the tumor and host tissues, 
including endocrinologic, immunologic, and tumor-stroma interactions. The nude mouse is not the only 
immune-deficient recipient system in which to study xenografts. Additional single and combined mutant 
strains have been used successfully, including mice homozygous for the severe combined immune 
deficiency mutation (scid) f both the beige (bg) and nude (nw) mutations in combination (bg/nu) y and mice 
bearing the combined bg/nu/xid mutations. The differing immunobiologies are discussed, with particular 
reference to the immunobiology of breast cancer, as are the characteristics of several of the more 
frequently utilized breast cancer xenografts and cell lines. The ability of several endocrine treatments to 
modulate effectors of cell mediated immunity, e.g., estrogens and antiestrogens, and the effect of site of 
inoculation on tumor take and metastasis, also are described. 



Introduction 

The incidence of breast cancer mortality has 
continued to rise over the past thirty years, 
despite the innovation of various cytotoxic and 
endocrine therapies. It is clearly important to 
generate new and innovative therapies based upon 
our developing knowledge of the cellular and 
molecular factors driving breast cancer growth 
and progression. In this regard, the application of 
human xenograft models has much to offer both 



for increasing our understanding of malignant pro- 
gression, and for the development and screening 
of novel therapies. 

While there are several classes of rodent 
models for breast cancer, human tumor xenografts 
provide the unique opportunity to study the regu- 
lation of human cell growth and metastasis in an 
in vivo environment. While breast tumor biopsies 
can be established directly in nude mice, the take 
rate is generally low [1]. However, it is clear that 
a significant proportion of the established human 
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breast cancer cell lines are tumorigenic in nude 
mice. Several have recently been determined to 
be metastatic in immune-compromised rodents. 
Human breast cancer xenografts have been widely 
used to study breast cancer progression, the 
effects of gene expression on tumorigenicity, and 
acquisition of antiestrogen resistance, and to 
screen new endocrine and cytotoxic agents. How- 
ever, a major restriction has been the lack of a 
diverse panel of estrogen receptor (ER) positive 
and hormone-dependent cell lines. There are only 
three major hormone-dependent cell lines avail- 
able, MCF-7 (the most widely used breast cancer 
cell line) [2], T47D [3], and ZR-75-1 [4]. The 
majority of breast cancer cell lines, and almost all 
of those with a significant inherent metastatic 
ability, as opposed to transfected cell line 
variants, are ER negative and hormone-unrespon- 
sive [5]. 

The development of additional breast cancer 
models is clearly of some importance. However, 
the nude mouse is not the only immune-com- 
promised rodent available in which to establish 
xenografts. The additional immune-compromised 
systems will be briefly introduced in the follow- 
ing sections, and an indication of their diverse 
immunobiologies provided. The effects of endo- 
crine manipulations on immunity and their impor- 
tance for the use of breast cancer xenografts 
also will be addressed. Since the immunobiology 
of the rodent systems and the immunobiology of 
breast cancer are central to the use of xenografts, 
a brief discussion of these systems also is in- 
cluded. It is hoped that these discussions will 
encourage investigators to broaden the use of 
different immune-deficient systems, and to 
establish novel human breast cancer xenograft 
models. 



Immunosurveillance of neoplastic cells: 
general comments 

The precise role of immunosurveillance in breast 
and other cancers is unclear. In severely im- 
mune-compromised individuals, e.g., patients with 



AIDS, there is evidence for an increased cancer 
risk. In normal women, both humoral and cell- 
mediated immunities likely contribute to the 
suppression of malignancy. The humoral aspects 
are difficult to study in experimental animal 
models, since almost all fully immune-competent 
animals reject xenografts. However, the role of 
cell-mediated immunity (CMI) can be modeled in 
vivo, at least partly, by using the diverse immune- 
compromised rodent models described below. 
While this is not the primary use of immune- 
compromised models, an understanding of the 
role of CMI in breast cancer, and of the immuno- 
biologies of the different animal models, is im- 
portant for the use of xenograft models of breast 
cancer. 



Immunosurveillance of neoplastic cells: 
breast cancer 

Cell-mediated immunity has been implicated in 
the pathogenesis of breast cancer, but its precise 
role remains to be established. For example, the 
skin window procedure, which provides an esti- 
mate of the extent of CMI, correlates inversely 
with metastatic disease [6,7]. Low levels of 
natural killer (NK) cell activity are associated 
with familial breast cancer [8], and with patients 
with stage III/IV disease [9-11]. NK cell activity 
is generally low or absent in the axillary lymph 
nodes of patients with demonstrable metastatic 
disease [12,13], although lymphokine-activated 
killer (LAK) precursor cells are often present 
[13]. There appears to be an inverse relationship 
between ER expression and NK activity [14,15]. 
ER-positive tumors have fewer T-cells when com- 
pared with ER positive tumors [9]. Aminoglu- 
tethimide reduces serum estrogens and increases 
NK activity in breast cancer patients [16]. 

The precise role of CMI and its effector cells 
in regulating the growth/tumorigenicity of breast 
cancer is unknown. The use of Matrigel (Colla- 
borative Research Inc., Bedford MA) to increase 
xenograft take rate [17,18] also suggests that 
an effective barrier could protect cells from 
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locally infiltrating CMI effectors. The evidence 
from clinical studies implicates CMI effectors, at 
least to some degree, in the control of breast 
cancer growth. The diversity of immune-deficient 
models currently available provides a potential 
means to more adequately determine, in an ex- 
perimental animal model, the likely contribution 
of some aspects of CMI to the control of neo- 
plasia and metastasis of human breast cancer cells 
in vivo. 



Immunosurveillance of neoplastic cells: 
Natural Killer (NK) and Lymphokine- 
Activated Killer (LAK) cells 

Both cellular and humoral immunities participate 
in the immunologic response to neoplasia. Most 
of the immune-deficient animal models used in 
breast cancer research lack T-cell-mediated im- 
munity. T-cell independent immunosurveillance, 
e.g., aspects of cell-mediated immunity, is thought 
to consist of a number of lymphoid cells, most 
notably NK cells, LAK precursor cells, and 
macrophages [19]. Both NK and LAK cells are 
distinct from cytotoxic T-lymphocytes, lysing 
cells lacking significant expression of the MHC 
genes. NK and LAK cells can infiltrate solid 
tumors and malignant effusions [20]. 

NK cells make up approximately 1-2.5% of 
peripheral lymphocytes and have been widely 
demonstrated to possess antitumor activity [19]. 
Since NK activity may also contribute to control 
of metastasis [19,21-23], the poor metastatic 
potential of most human xenografts growing in 
nude mice may reflect their elevated NK cell 
activities [19,22-24]. Some tumors appear to be 
able to suppress NK activity [25]. 

LAK cells are clearly distinct from NK cells, 
a determination initially derived from studies of 
mice bearing different immune-deficiency muta- 
tions, i.e., nu and bg [26J. LAK cells are capable 
of killing neoplastic cells, and can kill tumor cells 
resistant to NK cytolysis [27]. Some tumors pro- 
duce material capable of blocking the develop- 
ment of LAK cells from their precursors [28]. 
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Immunosurveillance of neoplastic cells: 
macrophages 

Macrophages arc widely observed to infiltrate 
solid tumors [9,29,30] and can kill tumor cells by 
both phagocytic and non-phagocytic processes 
[30]. Non-phagocytic cytolysis may include the 
release of lysosomal enzymes by exocytosis. 
Macrophages may recognize some tumors on the 
basis of their abnormal growth [31] or by surface 
modifications [30] and can produce a non-specific 
cytolysis. The tumoricidal properties of macro- 
phages are acquired following activation by con- 
tact with either the target cell and/or secreted 
products or by soluble lymphokines, e.g. inter- 
feron-? [32]. 

The biology of macrophage-induced cytotoxi- 
city is independent of the sensitivity of the target 
cells to lymphocyte or NK mediated cytolysis 
[33J. Tumor cells do not appear to acquire resis- 
tance to the cytotoxic effects of macrophages, in 
marked contrast to their ability to develop resis- 
tance to NK-mediated cytolysis [32-34]. The 
limiting factor in macrophage control of neoplasia 
appears to be effectontumor cell ratio [32]. The 
sera from some cancer patients possess macro- 
phage inhibitory activity [35], while some tumors 
secrete a macrophage colony-stimulating-like fac- 
tor [30,36]. Macrophage infiltration is associated 
with tumor progression rather than inhibition, im- 
plying that some macrophages may secrete factors 
mitogenic for tumor cells [37]. 



Loss of immunosurveillance 

Tumors proliferating successfully in the presence 
of cytotoxic host cells clearly indicate that the 
cells have evaded cytolytic effectors. The ability 
to become resistant to immunologic inhibition is 
thus a central problem in cancer biology and im- 
munology. The precise mechanisms involved 
remain unknown, but modification or masking of 
surface antigens, the secretion of factors that 
inhibit NK, LAK, or macrophage activation/func- 
tion, and an altered sensitivity to the direct cyto- 
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Figure 7. General representation of the likely defects in hematopoiesis associated with the different mutations. The figure is 
meant to be neither complete (e.g., there are several myeloid lineages not shown) nor specific in terms of the precise/relative 
locations of the defects. For example, the precise origins of NK cells, and of the cells generating LAK activities, remain to 
be definitively established. The reader is referred to the text for more specific details. *The deficiencies should not necessarily 
be considered to represent a complete ablation of activity/function, e.g., not all cytotoxic T cell functions are affected by the 
bg mutation. 



lytic effects of effector cells, are probably in- 
volved [30]. The isolation of tumor cell variants 
that exhibit different biological properties in the 
presence of different immune effector systems 
should greatly facilitate the study of these com- 
plex tumor/immune interactions. 

Immune-deficient rodent models 

There are approximately 30 loci at which muta- 
tions can alter immune function in mice [38]. 
However, not all are amenable to human tumor 
xenograft studies. The most widely used im- 
mune-deficient rodent model is the nude mouse, 
mice homozygous for the nu mutation. In more 



recent years, other single and combined mutation 
bearing strains have become available and are 
gaining acceptance. These include mice bearing 
the beige (bg) and/or X-linked immunodeficiency 
(xid) mutations, also in combination with the nu 
mutation, and the single gene severe combined 
immunodeficiency (scid) mutation. The hemato- 
poietic defects associated with these mutations are 
summarized in Figure 1. 

Immunobiology of mice homozygous for the 
nude (nu) mutation 

The nude phenotype (the mice have no hair; not 
to be confused with the hairless mutation) was 
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first described in Glasgow, Scotland, in 1962, 
with Pantelouris subsequently describing the 
predominating immune deficiency [39]. It was 
not long before Rygaard and Povlsen reported the 
ability to sustain human tumor xenografts in nude 
mice [40]. Since these early reports, the use of 
homozygous nude mice as recipients of tumor 
xenografts has become almost ubiquitous in can- 
cer research. Breast cancer research is no ex- 
ception, with a significant proportion of human 
breast cancer cell lines exhibiting tumorigenicity 
in nude mice [5]. While over 70 congenic strains 
of nude mice have been generated over the last 30 
years, the respective immunologies and abilities to 
support xenografts appear strain dependent [41]. 

The nude mutation (nu) is located on mouse 
chromosome 1 1 . Homozygous mice are essential- 
ly athymic [39], although a rudimentary thymus 
can be detected at necropsy in individual mice. 
The lack of a fully functional thymus is primarily 
responsible for the poor responses to T-dependent 
antigens [42], T-lymphocytes being generally at 
or below the limit of detection. These deficien- 
cies may be reversed by reconstitution with T- 
cells [43-45]. B-cell maturation also is defective, 
at least that component dependent upon a fully 
functional thymus. The production of earlier 
forms of B-cells appears normal, since nude mice 
possess apparently normal virgin B-cells [46]. 

Despite the severe immunodeficiencies appar- 
ent in homozygous nu/nu mice, they are remark- 
ably robust. This is almost certainly due to their 
remaining immune-competence. For example, 
nu/nu mice frequently exhibit an essentially 
normal response to T-cell-independent antigens 
[47]. Perhaps most notably, nude mice possess 
levels of NK cell activity that significantly exceed 
those present in normal and heterozygous 
mice of the same background [48,49], The poor 
metastatic potential of most human xenografts 
growing in nude mice has been partly attributed 
to this elevated NK activity [19,22-24]. Spleno- 
cytes from nu/nu mice are capable of generating 
LAK cells at levels similar to normal mice [50]. 
The levels of tumoricidal macrophages are essen- 
tially equivalent in nu/nu and nu/+ mice [51]. 



Serum IgM levels are similar to [47] or higher 
than [46] those in nu/+ Iittermates, and while 
there is a significant decrease in the number of 
cells making IgG and IgA, both of these immuno- 
globulins can be detected in individual animals 
[44]. 

Clearly, nude mice are not totally immune- 
deficient. The elevated NK cell activity at least 
partly contributes to the relatively poor take rate 
of primary human breast tumors [1]. Of interest 
is the observation that tumor take rate in nude 
mice is frequently increased by encapsulating 
cells/biopsies in Matrigel [17,18]. This artificial 
basement membrane capsule could provide two 
important functions, (i) a protective barrier from 
the effects of tumoricidal macrophages, NK, and 
LAK precursor cells, and (ii) a more natural 
structural/dimensional environment for the tumor 
with access to several attachment and mitogenic 
molecules, e.g., laminin, fibronectin, and type IV 
collagen. 



The beige (bg) mutation 

The bg mutation is located on mouse chromosome 
13. Among several phenotypic modifications in- 
duced is a reduced synthesis of pigment granules 
in melanocytes which results in a light coat color. 
The general phenotype is considered analogous to 
Chediak-Higashi syndrome in humans, a multisys- 
tem autosomal recessive disease, where afflicted 
individuals possess both structurally and function- 
ally defective lysosomes. The main immune-defi- 
ciency exhibited by bg/bg mice is the direct result 
of a block in NK function [52,53]. However, 
there also are functional defects in T-cells, 
macrophages, and granulocytes [38]. For exam- 
ple, generation of cytotoxic T-cells is impaired in 
beige mice. A further complication in these mice 
is an apparent clotting disorder resulting from 
platelet dysfunction. Ovariectomies and hormone 
pellet supplementations are frequently performed 
with breast cancer xenografts, and the loss of 
animals during or shortly after surgery occurs 
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more frequently for mice with the bg mutation 
than for many of the other immune-deficient 
models. 

The very low levels of NK activity in bg 
mice contrasts with the elevation in this activity 
in nu mice. The functional significance of the 
reduced NK cell and other immunologic activities 
is evidenced by the higher acceptance rate of low 
tumor cell inocula when compared with their het- 
erozygous (bg/+) littermates [54]. 



Combined bg/nu mutations 

Since the bg mutation essentially eliminates NK 
cell activity, it was hypothesized that combining 
the bg and nu mutations would eliminate the 
problems associated with the elevation of NK cell 
activity in nude mice. Double congenic bg/nu 
mice have now been available for several years 
[48,49]. Their phenotype is largely that predicted 
by the known effects of both single gene muta- 
tions. Thus, the defective B-cell maturation and 
impaired T-cell dependent responses are apparent., 
While the contribution of the bg mutation signif- 
icantly reduces NK cell activity relative to homo- 
zygous nu and wild type (+/+) mice, the level 
remains higher than that in single mutant bg/bg 
mice [55-57]. Splenocytes from these mice 
cannot produce LAK activity, an observation that 
assisted in delineating NK cells from precursors 
of LAK cells [261. Reduced IgA and IgM levels 
can be presumed as a result of the nu mutation, 
the levels being potentially dependent upon the 
mouse background. While more immune-defi- 
cient than mice bearing only the nu mutation, the 
bg/nu mice retain the clotting disorder produced 
by the bg mutation. 



The X-Iinked immunodeficiency (xid) mutation 

The xid mutation (X-chromosome) is associated 
with the X-linked lymphocyte regulated gene 
family [38]. Thus, males (xid/Y) and homo- 
zygous females are affected. While there are 



several impaired functions contributing to the 
immune-deficiencies in these mice, the major 
contributor is an impaired development of B-cells. 
Thus, B-cell colonies are not detected in in vitro 
assays [58]. A specific subset of mature B-cells 
is absent, and this appears to be the result of an 
inability of otherwise normal immature B-cells to 
respond to early activation signals. 

The general response to thymus-independent 
type-II antigens is low in xid mice [38,59]. 
Macrophages are at least partially defective. In 
affected animals, macrophages produce low levels 
of IL-1 following stimulation with thymus-in- 
dependent type-II antigens in vitro [38]. Im- 
munoglobulin levels, particularly IgM and IgG 3 , 
are low [60]. These mice, however, are not fully 
immune-compromised, producing essentially 
normal responses to thymus-independent type-I 
antigens [61], 



Combined bg/nu/xid mutations 

With the successful generation of homozygous 
bg/nu mice, it became apparent that a further 
reduction in immune-competence could potentially 
be achieved by also adding the xid mutation. 
Andriole et al. [26] generated a strain designated 
NIH III, which is homozygous for all three bg/nu/ 
xid mutations. These mice have intermediate 
levels of NK cells and low levels of LAK pre- 
cursor cells [26,62], and exhibit defects in the 
maturation of both B- and T-cells [63,64]. 
Macrophage activity/function may be partly 
defective, due to the contribution of the xid 
mutation [38]. The clotting disorder (bg) also 
remains. 



The severe combined immune deficiency 
(scid) mutation 

A relatively more recent addition to the single 
gene deficiency models is the severe combined 
immune deficiency (scid) mutation [65]. The 
locus occurs on mouse chromosome 16, the equi- 
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valent human mutation occurring at chromosome 
8ql 1 [66]. The scid mutation produces mice with 
significantly smaller lymphoid organs [65,67]. 
There is a clear defect in the differentiation/ 
maturation of lymphocytes [68], and both pre-B 
and B-cells are undetectable. The few remaining 
T-cells appear non-functional. In contrast, the 
entire myeloid lineage appear normal [68,69]. 

The scid mutation produces a deficiency in the 
rearrangement of genes encoding antigen-specific 
receptors on both B- and T-cells [67]. Several 
scid models are "leaky", generating small num- 
bers of functional B- and T-cells. However, the 
majority of scid mice become "leaky" with age, 
Le., by 10-14 months of age [70]. It appears that 
the precursor lymphocytes are unable to adequate- 
ly join the cleaved variable region segments as 
catalyzed by the immunoglobulin V(D)J recom- 
binase [71]. In general, immunoglobulin levels 
are at or below the limit of detection. IgGs 2a, 
2b, and 3a [38], IgM, and IgA [65,69] are rarely 
detected. However, in common with all immune- 
deficient models, there is individual variation, and 
some mice may produce detectable levels of two 
or more IgG isotypes and/or IgM [65]. Macro- 
phages, NK cells [72-75], and LAK precursor 
cells [50] are essentially normal in scid mice. 
However, the mucosal mast cells appear deficient, 
perhaps due to a lack of specific lymphokines 
required for their development from progenitors 
[76]. 

In general, scid mice bearing this mutation are 
more severely immune-compromised than any of 
the other viable single gene mutation models. 
Nevertheless, the standard SPF environment is 
usually considered sufficient for their mainten- 
ance. It seems likely that, as these mice become 
more readily available and less expensive, they 
will be more widely utilized. 



Impact of the different immunobiologies on 
xenografting 

The different immunobiologies of these other 
rodent models provide viable and important 



alternatives to the nude mouse, with several 
occasionally supporting the growth or metastasis 
of xenografts that are considered either "non- 
tumorigenic" or "non-metastatic" based on their 
lack of growth in nude mouse models. The issue 
of which immune-deficient model is most appro- 
priate for maintaining xenografts is somewhat 
controversial [77]. There is no clear and com- 
pelling evidence that scid or bg/nu/xid mice have 
a reproducibly higher overall take rate than nu/nu 
mice, with most investigators finding these 
models essentially equivalent [77-81]. However, 
the overall take rate can be a misleading indicator 
when an investigator wishes to evaluate the tum- 
origenicity or metastatic potential of specific cell 
lines/biopsies. An individual cell line may be 
tumorigenic or metastatic in one immune-deficient 
model and not in another, an observation that may 
or may not be a direct reflection of the different 
immunobiologies of the recipient mice. While 
this seems most likely to occur when assessing 
metastatic potential [70,80,82], individual vari- 
ability among cell lines for tumorigenicity also 
cannot be easily discounted. We have suggested 
that, particularly where in vivo growth is assessed 
as part of the characterization of a new cell line, 
more than one model be used [83]. While this 
may be less important for cell lines of mammary 
origin than for other cell lines, the designation of 
a cell line as "non-tumorigenic in the nude 
mouse" or "non-metastatic in the nude mouse" 
seems most appropriate, at least until its lack of 
tumorigenicity/metastatic potential is confirmed in 
other models [83]. 



Use of immune-deficient rodent models for 
endocrinologic studies 

Endocrinologic studies of hormone-responsive 
xenografts are frequently performed with breast 
cancer xenografts. Mice can be purchased ovari- 
ectomized directly from each of the major ven- 
dors, including Taconic (Germantown NY), 
Charles River (Wilmington MA), Harlan Sprague 
Dawley (Frederick MD) and Jackson Laboratories 
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(Bar Harbor ME). Adrenalectomized and hypo- 
physectomized mice can generally also be ob- 
tained in this manner, although viability of the 
mice requires supplementation with glucocorti- 
coids/mineralocorticoids. 

There are several relatively straightforward 
approaches for studying additive endocrine treat- 
ments. We have routinely used the sustained re- 
lease pellets provided by Innovative Research of 
America (Toledo, OH). For hormone-dependent 
cells including MCF-7, we routinely use the 60- 
day release 0.72 mg 17|$-estradiol pellets. These 
are easily placed s.c. between the shoulder blades 
using a sterile 10 or 12 gauge trocar. Many 
experimental agents also can be administered by 
implantation of silastic pellets or mini osmotic 
pumps. We have found the Alzet osmotic pumps 
from Alza Corp. (Palo Alto, CA) effective for 
administering growth factors and other agents. 
The smaller sizes (100 ^1 and 200 pi) can be 
introduced into a small s.c. pocket, although we 
also have introduced these up. into NCr nu/nu 
mice with no adverse effects. The larger pumps 
are for use only in rats, and can be used success- 
fully in nude rats (rnu/rnu). 

The hypogonadal/scwf (hpg/scid) mouse as an 
ovarian-ablation model 

Ovariectomies are frequently performed on nude 
mice to provide an endocrinologic environment 
equivalent to that of postmenopausal women [84]. 
This produces additional cost to the investigator 
and stress to the animal. The Jackson Labora- 
tories have recently generated a novel model that 
could alleviate some of these concerns. Mice 
bearing the hypogonadal Qipg) mutation [85] 
express a non-functional (truncated) LHRH pro- 
tein [86]. Thus, these mice are hypogonadic, with 
almost undetectable levels of LH and FSH, and 
have serum estrogen and progestin levels essen- 
tially equivalent to those detected in ovari- 
ectomized mice [87]. By combining the hpg and 
scid mutations, it has been possible to generate an 
immune-compromised strain with a postmeno- 
pausal endocrinologic environment [88]. It seems 



likely that this model may become more widely 
used in the future, both as a potential model of 
postmenopausal breast cancer, and to support the 
growth of breast tumor xenografts. 

Effect of endocrine manipulations on the 
immune response in rodents 

Estrogen and antiestrogen supplementation of 
rodents has been widely used to study the endo- 
crine regulation of breast cancer xenografts. 
However, several endocrine agents are known to 
influence those effectors of CMI that remain in 
immune-compromised rodents. For example, 
pharmacological but not physiological concentra- 
tions of E2 can inhibit NK activity in athymic 
nude mice [89-92]. This has been invoked as a 
potential explanation for an apparent ability of E2 
supplementation to increase the growth of estro- 
gen receptor negative breast cancer xenografts. 
Clearly, it is important to consider the ability of 
endocrine agents to perturb several effectors of 
cell-mediated immunity in study design. 

It could be argued that the apparent endocrine 
responsiveness of xenografts is actually an im- 
munologic, rather than direct endocrinologic, 
phenomenon. This seems unlikely for several 
reasons. Firstly, it is widely acknowledged that 
estrogens tend to produce a biphasic effect on NK 
cell activity, where NK levels rise for the first 30 
days with an overall reduction in NK activity not 
observed until later [89-92]. However, most 
MCF-7 xenografts produce palpable tumors, and 
can frequently be seen to grow, during this initial 
period when NK cell activity is rising above the 
already elevated levels in nude mice. Secondly, 
the concentrations of estrogens reported to sup- 
press NK activity [89-92] appear higher than 
those required to support MCF-7 xenografts [84, 
93-96]. Approximately 300 pg/ml/day of estra- 
diol is released from the widely used 60-day 
release 0.72 mg estrogen pellets produced by 
Innovative Research of America, Toledo OH [97]. 
Finally, MCF-7 cells still require estrogen 
supplementation for growth in bg/nu/xid mice (R. 
Clarke, unpublished observations), despite the 
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very low NK activity apparent in these mice 
[52,53]. 

Also of relevance is the observed ability of 
tamoxifen (TAM) to stimulate NK activity in vivo 
[62]. Prolonged treatment of MCF-7 xenografts 
produces a TAM and estrogen dependent pheno- 
type [98,99], as does transfection with FGF4 
[100] despite the opposing effects of these agents 
on NK cell activity (estrogens inhibit, anti- 
estrogens stimulate). An ability of estrogen to 
apparently stimulate MDA-MB-231 (ER-negative) 
xenografts in nude mice has been specifically 
attributed to a reduction in cell loss [101]. 

Breast cancer cell lines as xenografts 

Many of the breast cancer cell lines currently 
available are tumorigenic in the nude mouse. 
These cell lines most frequently produce adeno- 
carcinomas in vivo, with the degree of glandular 
differentiation generally greater in the ER-positive 
lines. As with many human tumor xenografts, the 
characteristics of the human breast tumors are 
generally faithfully reconstituted in in vivo ex- 
perimental systems. Thus, the ER positive/nega- 
tive, PGR positive/negative, hormone dependent/ 
independent, antiestrogen responsive/unresponsive, 
and drug responsive/resistant characteristics of 
cell lines observed in vitro are reflected in their 
respective in vivo growth responses. The charac- 
teristics of many of the breast cancer cell lines 
have recently been reviewed in detail [5]. 

Breast cancer cell lines as xenografts: 
hormone-dependence and acquisition of 
hormone-independence 

The three most widely used hormone-dependent 
human breast cancer xenografts are the MCF-7 
[2], ZR-75-1 [4], and T47D cell lines [3]. These 
cell lines are require some degree of estrogenic 
supplementation for tumorigenesis in nude mice. 
The estrogen-induced growth of each is inhibit- 
ed by an appropriate dose of antiestrogen. While 
ER-positive tumors frequently invade locally and 



metastasize in patients, these xenografts are poor- 
ly invasive and rarely, if ever, are metastatic in 
nude mice. 

The requirement for estrogen is surprising, 
since all three cell lines were derived from 
malignant effusions in postmenopausal women. 
We wished to determine whether the application 
of appropriate selective pressures could generate 
variants that no longer require E2 for growth in 
vivo. This was readily achieved by selecting for 
growth in the mammary fat pads of ovariec- 
tomized nude mice [96,102]. These mice have 
steroid hormone levels approximately equivalent 
to those found in postmenopausal women [84, 
103]. 

Cells selected by one passage (MCF7/MIII) 
[96] or two passages (MCF7/LCC1) [102] (Table 
1), retain ER and PGR expression, sensitivity to 
antiestrogens [96,102], and sensitivity to LHRH 
analogues [104], Both variants exhibit a signifi- 
cant increase in metastatic potential [105]. Since 
tumors with these characteristics arise frequently 
in women, we have suggested that the phenotypes 
exhibited by the MCF7/MIH and MCF7/LCC1 
cells more closely reflect the major ER/PGR 
positive, antiestrogen responsive phenotype found 
in postmenopausal women with breast cancer 
[106]. 

Breast cancer cell lines as xenografts: 
acquisition of antiestrogen resistance 

While >70% of ER/PGR positive tumors respond 
to antiestrogens, the great majority of these will 
ultimately acquire a resistant phenotype [107]. 
The modeling of this progression has generally 
taken two forms, in vitro selection either in a 
stepwise manner [108] or by treatment with a 
high dose of drug [109], or in vivo selection 
against a continuous drug exposure [98,99]. A 
prolonged in vivo selection almost exclusively 
generates cells that are TAM dependent, and at 
least initially E2 inhibited [98,99]. This endo- 
crinologic phenotype may be similar to the occa- 
sional TAM-withdrawal responses observed in 
patients [110-112]. 
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Table I. Derivation of the MCF-7 variants. 




_T7rF7/MlH -» nude mouse -» MCF7/LCC1 116.600 

MCF-7 -» nude mouse -* MCF7/MH1 ^ 91,300 

MCF7/LCC1 - 4-hydroxytamoxifen m v.rro MCF7/LCC2 ^ ^ 

MCF7/LCC1 -> IC1 182,780 -> MCF7/LCC9 ND 
MDA-MB-435 (ER negative) - nude mouse -> MDA-435/IXC6 



29,300 
6,400 
ND 
ND 



[102] 
[108] 
[117] 
[120] 
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^of intlSt is the observation that, whether 
selected in vivo or in vitro, antiestrogen resistant 
xenografts and cell lines retain ER expression, 

can become antiestrogen resistant. 

Breast cancer cell lines as xenografts: 
hormone-unresponsive models 

The majority of breast cancer cell lines are ER- 
negative. Consequently, they are cons.dered 
hormone-unresponsive both in vitro and in v«vo. 
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poorly differentiated adenocarcinomas, rdauve o 
L ER-poskive xenografts. Several are highly 
Zl invasive. We have recently genera ed an 
S2 variant of the ^MJM35 
[120] These cells, designated MDA-435/LCCo, 
ppear to have arisen from a locally invasw 
mammary fat pad tumor that invaded into the 
"l cavity. Tne ascites can be: ***** 
either in vivo, or as a monolayer culture in vitro, 
and have a highly reproducible duration , of sur- 
vival from cell inoculation to ^idity/dea^ 
These cells provide a novel model in which to 
smdv the pathogenesis of malignant ascttes, and 
Z effect o'f in "fro [120] or in vivo gene transfer 
bv retroviral vectors [121]. The MDA-435/LCC6 
asdtes variants grow equally well in nu/nu mice 
and rnu/rnu rats [122]. 

Breast cancer cell lines as xenografts: 
drug resistance models 

Probably the most widely 

model of drug resistance is the MCF-7 cei 
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doxorubicin in vitro, and overexpress the gpl70 
product (P-glycoprotein, PGP) of the human 
MDR1 gene. MCF-7 ADR cells also have become 
ER-negative and resistant to antiestrogens [123]. 
Despite its frequent use to screen gpl70-re versing 
agents, this cell line expresses several other 
potential multiple drug resistance mechanisms. 
mcf _ 7 adr but not MDR1 -transduced MCF-7 
cells (CL 10.3), are cross resistant to Tumor 
Necrosis Factor [124], an observation that 
indicates the presence of ADR resistance mech- 
anisms in addition to gpl70. While this would 
include changes in manganous superoxide dis- 
mutase expression/activity [124], the activities of 
glutathione transferase and topoisomerase II re- 
spectively also are altered in MCF-7 ADR cells 
[127,128]. Of particular concern is the observa- 
tion that differences in the potency of isomers 
of fluphenthixol for reversing gpl70 activity 
in MCF-7 ADR cells could not be confirmed in 
MDRl-transfected NIH 3T3 cells [129], implying 
activities through mechanisms other than gpl70. 

To produce breast cancer cell lines where the 
only major resistance mechanism is gpl70, we 
have transduced both MCF-7 [130] and MDA- 
435/LCC6 cells [120] with the full length human 
MDR1 cDNA. The MCF-7 transduced cells, e.g. 
CL 10.3, retain ER expression and sensitivity to 
antiestrogens [130]. The MDA-435/LCC6 trans- 
duced cells, Le. MDA-435/LCC6 MDRl remain ER- 
negative, and retain the ability to produce both 
rapidly proliferating solid tumors and malignant 
ascites [120]. 



Breast cancer cell lines as xenografts: 
metastatic models 

Two ER-negative cell lines have been reported to 
produce hematologic metastases from solid tumor 
xenografts in nude mice. The MDA-MB-231 and 
MDA-MB-435 cell lines produce highly locally 
invasive tumors, with metastases reproducibly 
found in the lungs and other organs [131,132]. 
While the time to dissemination is often long, the 
incidence is sufficient to provide a reproducible 



metastatic model. The metastatic potential of the 
MDA-MB-435 cells appears amenable to modifi- 
cation by dietary factors [133]. 

While the ER-positive and hormone-indepen- 
dent MCF-7 variants (MCF7/MIII; MCF7/LCC1) 
exhibit increased metastatic potential [95,102], 
and can generate both lymphatic and hematologic 
metastases [105], the incidence and reproduci- 
bility are too low to provide viable models of 
metastasis [105]. In contrast, MCF-7 cells trans- 
fected with FGF-4 (kFGF) have a high and re- 
producible incidence of hematologic metastasis, 
probably the result of the significant increase 
in angiogenic potential. These xenografts have a 
significantly altered endocrine responsiveness, 
exhibiting a TAM-stimulated/E2-inhibited pheno- 
type [100,134] similar to the in vivo TAM selec- 
ted MCF-7 cells [98,99]. These cells are re- 
viewed in detail in the accompanying article by 
McLeskey et al. [135]. 



Site of inoculation 

There is now considerable evidence supporting 
the importance of the choice of site for implan- 
tation. Prior to the widespread availability of 
nude mice, the subrenal capsule was widely used. 
While there are other equally effect immune- 
privileged sites, these are becoming less frequent- 
ly used since the ability of many cell lines to 
grow s.c. in immunocompromised rodents is now 
well established. While the s.c. site is convenient, 
it is likely that is not the optimal site for all 
xenografts. 

While many breast cancer cell lines will grow 
s.c, and frequently at other sites [136], it is not 
clear that this is the best approach. There is 
increasing evidence of the importance of tumor- 
host and tumor-stromal interactions in the pro- 
gression of many cancers, including breast cancer 
[137]. The most appropriate site for breast tumor 
xenografts is the mammary fat pad (orthotopic 
site), a site we use routinely [95,102,105,108]. 
Orthotopic transplantation can significantly in- 
crease the take rate of tumors from several can- 
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cers, and occasionally facilitate metastatic spread 
that will not occur from a s.c. site [138-141]. 
When metastases in nude mice do occur, they 
tend to arise at sites representative of those 
observed in humans [105,132]. 



Concluding comments and future prospects 

Human breast tumor xenografts have been of con- 
siderable value in studying several aspects of 
breast cancer biology. Their reproducibility, 
stability, and reflection of their human origin are 
clearly considerable strengths. However, the cell 
lines used to generate xenografts are not without 
limitations. For example, at some point in their 
genesis these cells have adapted to growth in 
vitro. Thus, the molecular, cellular, and meta- 
bolic changes in these cell lines may, or may not, 
fully reflect the human disease. 

Despite the potential limitations, the similar- 
ities between these models and clinical breast 
cancer are substantial. The histology of these 
xenografts frequently closely reflects the variety 
of human adenocarcinomas. The inverse relation- 
ship between EGF-receptors and ER, and the 
association with a more aggressive and less well 
differentiated phenotype observed in cell lines and 
xenografts, holds true for the human disease 
[142-144]. The non-crossresistance of the TAM- 
resistant MCF7/LCC2 cells predicted the clinical 
responses to ICI, 182780 in patients who respon- 
ded and then failed TAM [106,118]. MCF-7 
cells, when exposed to analogous selective pres- 
sures in mice, progress along a pathway apparent- 
ly equivalent to the progression of many human 
breast cancers [95,106]. These observations 
suggest that the physiologic/endocrinologic 
environment of the rodent mammary fat pad may 
have significant similarity to the human mammary 
gland. The complex tumor/host interactions also 
may be similar for human xenografts in rodent 
mammary fat pads and the human disease. 

There is a need for new xenograft models to 
facilitate research in at least two specific areas, 
endocrine responsiveness and metastasis. The 



majority of cell lines and xenografts are estrogen- 
unresponsive and ER-negative. Nevertheless, 
greater than 50% of all breast tumors express ER, 
and a significant proportion of these are endocrine 
responsive. It seems likely that there is consider- 
able diversity in some of the cellular and molecu- 
lar events driving the growth of these tumors. 
Thus, it is equally likely that the few endocrine- 
responsive models available inadequately reflect 
this potential diversity. 

While metastasis may have several molecular 
events that occur independent of the cancer site, 
a number of the genes/proteins associated with 
this cascade are estrogen-regulated in breast 
cancer cells, e.g., laminin receptor expression 
[145], chemoinvasion in vitro [96,146], and secre- 
tion of plasminogen activator [147]. Thus, some 
events may be regulated differently in breast 
cancer than in other cancers. There are relatively 
few endocrine responsive and metastatic cellular 
models in which to study the effect of hormones 
and antihormones on metastasis. While there are 
at least two endocrine unresponsive metastatic 
models, these also are likely to be too few to 
adequately reflect the diversity of the human 
disease. 

The development of new breast cancer xeno- 
graft models, and variants of established models, 
will provide the opportunity to study host-tumor 
interactions in greater detail. This, and the 
emergence of novel immune-compromised and 
endocrine-compromised animal models, will fur- 
ther our ability to establish biologically relevant 
xenograft models of breast cancer. 
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Abstract 

Almost 30 years after the unsuccessful clinical evaluation of camptothecin sodium, there has been a revival in interest in 
this class of agent that poisons topoisomerase I. Currently there are four camptothecin analogues m chn.cal tnals each at 
Se nt levels of advancement. cLcal data suggest that patterns of antitumor activity and tox.c.ty profiles d,fTer ^between 
analogues. In preclinical models antitumor activity appears to be highly schedule-dependent Here we revtew rodent and 
human tumor models used in evaluation of efficacy, and models used to predict tox.ot.es of ^^P^".^?^! 
limitation of rodent models is that the mouse tolerates significantly greater system.c exposure to each camptothec.n analogue 
than do patients. Th.s leads to a false overpred.ct.on of potential clinical activity. However, responses of ^human turno 
xenografts in mice are highly predictive of responses of clinical cancer when camptothecms are adm.n.s ered at dose levels 
achieving similar systemic exposure in mice. Development of assays that identify analogues that ma.ntam 
in mice but have less species differential toxicity, particularly to the hematopo.et.c system, may prov.de an early screen to 
seleTcompounds having greater clinical utility. 0167-4781/98/$- see front matter €> 1998 Elsevier Sc.ence B.V. All nghts 
reserved. 
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1. Introduction 

Many of the chemotherapeutic drugs that have 
been active in the curative or palliative treatment 
of human malignant diseases are now known to me- 
diate their effects through interaction with DNA to- 
poisomerases stabilizing covalent DNA-protein inter- 
mediates. Thus, epipodophyllotoxins, anthracyclines, 
anthrapyrazoles and actinomycins appear to target 
topoisomerase II, whereas drugs of the camptothecin 
class work specifically through their interaction with 
topoisomerase I. Some, such as actinomycin D, may 
be dual topoisomerase inhibitors [1]. The clinical util- 
ity of the epipodophyllotoxin, etoposide (VP-16-213), 
the anthracyclines doxorubicin and daunorubicin, 
and actinomycin D have been well established [2]. 
Less clinical data arc available to support the broad 
utility of drugs such as mitoxantrone or amsacrinc. 
The utility of camptothecin drugs in treatment of 
human cancer also remains to be determined. How- 
ever, preliminary results from early clinical trials sug- 
gest that drugs that target topoisomerase I may rep- 
resent novel agents with considerable activity in a 
relatively broad spectrum of malignancies. 

Each of the agents that target topoisomerases cur- 
rently in clinical trials, or are approved for use in 
particular indications, has proceeded through pre- 
clinical stages of identifying cytotoxic potency, and 
confirmation of in vivo antitumor activity. Accept- 
able toxicity in both rodents and other species, as 
mandated by regulatory agencies, has been studied 
prior to evaluation in patients. However, for many 



drugs, their preclinical efficacy against rodent and 
human tumors heterografted into immune-incompe- 
tent rodents has not translated into similar dramatic 
activity in patients. This is particularly apparent for 
camptothecin analogues, such as 9-aminocamptothe- 
cin (e.g. in colon carcinoma), that have spectacular 
activity against human colon cancers grafted into 
mice [3]. The purpose of this review is to examine 
this preclinical-clinical interface with respect to 
understanding the value and limitations of preclinical 
models, and potential lessons that can be applied to 
future development of drugs that induce cytotoxicity 
through their interactions with topoisomerases. Be- 
cause of the current intensive interest in developing 
new camptothecin analogues, this article will focus 
on preclinical models to assess antitumor activity 
and toxicity for this class of compounds. 



2. Early studies 

Camptothecin was studied extensively in the Can- 
cer Chemotherapy National Service Center (CCNSC) 
of the National Cancer Institute during the 1960s. In 
early in vivo testing, camptothecin, as the base, was 
formulated in carboxymethylcellulose, and adminis- 
tered by intraperitoneal injection. DeWys et al. [4] 
reported the activity of 19 agents in preclinical devel- 
opment at that time using the Walker 256 carcino- 
sarcoma model as the test system. Drug treatment 
(daily X 4) was started 3 days after inoculation of 
cells into the hind limb. Of interest is the relatively 
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Table 1 

Ranking of drugs by increase in median survival time 
Drug 



Maximum tumor 
weight inhibition 11 (%) 



Maximum increase in median sur- 30 day survivors 
vival time 



Triethylenemelamine 

Merphalan 

Thiotepa 

Cyclophosphamide 

Dibromodulcitol 

Dibromomannitol 

Melphalan 

DL-mefa-Sarcolysin 

Hydrazine, l-acetyl-2- 

picolinoyl 

Ethanol, 2,2'-[p-nitroso- 

phenyl)imino]di, 

dimethanesulfonate 

Methacrylic acid, 

2,3-epoxypropyl ester 

6-Mercaptopurinc 

Busulfan 

Colchicine 

Camptothecin 

Vinblastine 

Methotrexate 

Azaserine 

Uracil, 5-diazo-, hydrate 



98 

97 
100 
100 

97 
100 
100 
100 

88 

100 



85 

100 
98 
93 
99 
99 
100 
100 
92 



% 



> 100 

> 100 
>200 

> 100 

> 150 

> 150 
>200 
>200 

125 



90 
65 
67 
62 
55 
50 
50 
29 



Number of dose levels 
giving this increase 



Maximum per test 
group 



4 
4 
3 
3 
4 
3 
2 
2 



100 1 



96 1 



6/6 
6/6 
6/6 
6/6 
6/6 
4/6 
6/6 
4/6 
3/6 

2/6 



1/6 

1/6 
1/6 
0/6 
0 

1/6 
0 
0 
0 



Number of dose levels 
giving 30 day survivors 

4 
4 
3 
3 
4 
4 
2 
3 



'Value may be that determined at a dose other than the dose giving maximum increase in survival time. From DeWys et al. [4]. 



low therapeutic activity of camptothecin, relative to 
other drugs evaluated (Table 1). Further studies, us- 
ing the sodium salt of camptothecin, demonstrated 
significant activity in increasing survival time in sev- 



eral lymphocytic leukemias [5], including Li 210, 
L5178Y, K1964, and P388, Particular note was a 
high proportion of long-term survivors in mice bear- 
ing L5178Y and K1964 (Table 2). In addition, no 



Table 2 

Activity of camptothecin against v arious mouse tumors 
Tumor 



Optimal dose (mg/kg) and 
schedule 3 



Leukemia L12I0 40. q,4.o\ 

Leukemia L5178Y 40, 1,5,9 

Leukemia It 1964 40, 1,5,9 

Leukemia P388 40, qAd. 

Plasma cell YPC-I 40, 1,5,9 

Mast cell P815 30, 1,5,9 

Reticulum cell sarcoma A-RCS 40, q ? 4.d. 



Increase in median survival time 
over controls (%) 



Long-term survivors 
(%) b 



265 
> I000 c 
> 1000 
185 
136 
65 
50 



0 
90 
70 
0 
0 
0 
0 



, 5 and 9 after tumor inoculation or with 40 mg/kg every 4 days for as 



From Gallo et al. [5]. 

"Mice were treated i.p. with 30, 40, or 50 mg/kg on days 1, 
long as 6 months. 

b Survivors 6 months or longer after death of all controls. calculated beyond 1000%. 

'Where there were over 50% survivors, long-term survivors* increase in median survival time was not calculated beyond 
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lactone (active) and hydroxy acid (inactive) forms. 

cross-resistance between dichloro methotrexate, 1,3- 
bis(2-chloroethyl)-l -nitrosourea (BCNU), cytosine 
arabinoside, or 6-mercaptopurine (in sublines of 
LI 210), or L-asparaginase (L5178Y) or vincristine 
(P388) was found. Based on these studies it was pro- 
posed that camptothecin had a novel mechanism of 
action, and should be evaluated in patients with ei- 
ther solid tumors or lymphocytic leukemias. Camp- 
tothecin, evaluated as the sodium salt, was found to 
be ineffective in patients with advanced disseminated 
melanoma or gastrointestinal malignancies [6,7]. 
Other studies in China, however, demonstrated activ- 
ity of 10-hydroxycamptothecin in treatment of head 
and neck and bladder cancers (reviewed in [8]). How- 
ever, unpredictable and- severe toxicities included 
myelosuppression, vomiting, diarrhea, and hemor- 
rhagic cystitis that resulted in discontinuation of clin- 
ical trial of sodium camptothecin. 

In retrospect, some of the toxicity manifest in clin- 
ical trials with sodium camptothecin can be under- 
stood, as under alkaline conditions the lactone ring 
opens to form the carboxylate (m-hydroxy acid). 
The carboxylate has little activity as a topoisomerase 
1 poison. However, elimination from the renal tubule 
into the acidic milieu of the urinary bladder would 
lead to ring closing (Fig. 1), and potential for toxic 



effects on that organ. Because of the insolubility of 
camptothecin in aqueous vehicles extensive studies 
have identified more soluble and active camptothecin 
analogues. The structures of camptothecin and ana- 
logues under clinical investigation are also shown in 
Fig. 1. Stimulus to develop these compounds also 
came from seminal studies that defined topoisomer- 
ase I as the target for camptothecin, and the obser- 
vation that camptothecins caused trapping of topo- 
isomerase I on DNA and induced single strand 
breaks [9,10]. Camptothecin traps topoisomerase I 
on DNA after a single strand nick has been made; 
in cells replicating DNA this could result in a colli- 
sion between the complex and the advancing replica- 
tion fork, leading to a double strand DNA break. It 
is considered that generation of this break initiates a 
cascade leading to apoptosis. Although outside the 
scope of this chapter, it is important to understand 
that camptothecins induce toxicity by converting a 
normal cellular enzyme into a cellular poison. Stud- 
ies by Nitiss and Wang [11] showed that in yeast, 
camptothecin became toxic only in the presence of 
a functional topoisomerase I. Conceptually, there- 
fore, increased levels of topoisomerase I would favor 
increased formation of DNA-topoisomerase I-drug 
complexes, which would increase the probability of 
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a collision with the advancing replication fork, and 
generation of a double strand DNA break. In the 
absence of DNA replication, the reversibly stabilized 
DNA-topoisomerase I-covalent complexes appear 
not to be toxic. This has significance in the design 
of therapeutic trials, as one would anticipate only S- 
phase cells would be sensitive to camptothecins [12]. 
Since many tumors have relatively low growth frac- 
tions, protracted infusions, or repeated exposures to 
drug over a long period should optimize cell killing. 



3. Rodent tumor models 

The primary in vivo screen for activity of campto- 
thecin analogues has traditionally been in syngeneic 
transplanted rodent tumors. Most frequently, in- 
crease in lifespan (ILS) of mice bearing L1210 or 
P388 lymphocytic leukemias, inoculated intraperito- 
neal^ (i.p.), have been used where drug is also ad- 
ministered i.p. While such tests have been described 
as 'in vivo test tubes', it is pertinent to remember that 
a primary screen has as one of its objectives not to 
eliminate active compounds (i.e. false negatives). In 
the preclinical development of topotecan several in 
vivo criteria were established for selecting analogues 
for further development. These included (i) being as 
active as camptothecin in a panel of preclinical mod- 



els and (ii) demonstration of potency in vivo (i.e. a 
maximally tolerated dose, MTD) at similar or lower 
levels than camptothecin in order to minimize the 
requirements for camptothecin as a starting material 
[8]. 9-Dimethylaminomethyl- 1 O-hydroxycamptothe- 
cin (topotecan) met these criteria, demonstrating 
superior ILS in mice bearing L1210 leukemia com- 
pared to that achieved by camptothecin at their re- 
spective MTD (173 ±16 vs. 118 ±6% ILS). Because 
of the mechanism of action, and the potential to kill 
only cells during DNA replication, protracted ther- 
apy with topoisomerase I inhibitors theoretically 
should prove most efficacious. For this to be of prac- 
tical value, analogues that are active after oral ad- 
ministration may prove to be most useful in therapy 
of human cancer. Secondary evaluation of topotecan 
compared the efficacy of oral and intravenously (i.v.) 
administered drug in syngeneic mice bearing (a) ad- 
vanced systemic (i.v. inoculated) L1210, (b) advanced 
systemic (i.v. inoculated) Lewis lung carcinoma, (c) 
subcutaneously (s.c.) implanted Lewis lung carcino- 
ma, (d) systemic (i.v.) B16 melanoma, and i.p. im- 
planted M5076 reticulum cell sarcoma [13]. Topote- 
can was administered every 3 h four times per day at 
4 or 7 day intervals. Interestingly, orally adminis- 
tered topotecan was comparable in efficacy to paren- 
teral treatment in four of five tumor models tested. 
The M5076 sarcoma implanted i.p. responded to 



Table 3 

Evaluation of antitumor activity of CPT-11 against s.c. implanted tumors 



Tumor 


Drug 


Total dose (mg/kg) a 


Dose for cure b (mg/kg) 


No. of cured mice/total (dose, mg/kg) 






ID 58 


ID 9 o 






S180 


i.v. 


50 


180 


200 


4/10 (200) 


p.o. 
i.v. 


100 


365 


400 


3/10 (400), 6/10 (800) 


Meth A 


61 


195 


>400 


6/10 (1000) 


p.o. 
i.p. 
p.o. 


140 


420 


1000 


7/7 (1600) 


Lewis lung ca. 


72 
215 


118 
410 


200 
400 


5/6 (200), 6/6 (400) 
1/6 (400), 4/6 (600), 








5/6 (800), 6/6 (1600) 


Ehrlich 


i.p. 

p.o. 
i.p. 


32 


92 


50 


1/6 (50), 3/6 (100), 3/6 (200) 


110 


450 


400 


2/6 (400), 3/5 (800) 


MH134 


66 


200 


200 


1/6 (200),- 1/6 (400) 


p.o. 
i.p. 
p.o. 


215 


620 


600 


1/6 (600), 4/6 (800) 


Mammary ca. 


96 
600 


>400 
>800 


200 
800 


1/6 (200) 
1/6 (800) 



™ dose^58% a or [ ^% inhibition of tumor growth. The values were obtained graphically on a probit scale. Tumor-free mice 

were excluded from the calculation of 90% inhibition. 

b The minimum total dose for incidence of total regression of the tumor. 
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Table 4 

Responsiveness of human tumor 



xenografts to treatment with camptothecin analogues 



Drug 



Xenograft tumor 



Dose (mg/kg) and 
schedule 



Comment 



9-AC Colon HT-29 10-12.5 mg/kg x2/week Highly effective 

for 5-6 weeks s.c. 

Colon CASE 
Colon SW48 
CPT-11 Mammary MX- 1 

Gastric St- 15 

Gastric SC-6 



200 mg (TD) i.v. 

400-800 mg (TD) q 
(4d X 3) p.o. 



Lung QG56 
Colon Co-4 

CAM, 9-AC, Melanoma BRO 

9-NC 

Topotecan 6 rhabdomyo- 
sarcoma lines 
7 colon lines 

3 osteosarcoma 
lines 



9-AC, 9-NC, Breast carcinoma 
9-CL-AM 



CPT-11 



CPT-11 



CPT-11, 
topotecan 



6 rhabdomyo- 
sarcoma lines 



7 colon lines 



TNB9 

Neuroblastoma 
6 rhabdomyo- 
sarcoma lines 

8 colon lines 



3 brain tumor 
lines 



4 mg x2/week i.m. 



1.5-2.0 mg (dx5)3 
i.v./p.o. 

12.5 mg q (4dx4) i.p. 



10-40 mg (dx5)2 i.v. 
and [(dx5)2]3 i.v. 



Very significant antitumor 
activity against all tumors 
Curative against MX-1 

CPT-11 more effective as three 
injections than one single 
injection for same total dose 



Growth inhibition and tumor 
regression 

Complete regressions in 
rhabdomyosarcomas 
Significant activity in osteo- 
sarcomas 

Growth inhibition in several 
colon lines 

Results suggest significant 
schedule dependence 
9-AC effective 

9-NC effective 

9-CL-CAM not effective 
Results were dose-, schedule- 
and route of administration- 
dependent 

All tumors very sensitive 



Complete and partial 
regressions in 5/8 colon lines 
Complete responses in 5/6 
Rhabdomyosarcoma lines 
15-59 mg q (4dx3) i.p. Growth inhibition 



CPT-11: 2.5-10 mg 
[(dx5)2]3 i.v. 



Ref. 



ADR, 5FU, MTX, nitrosoureas, [3] 
ALK, less effective/ineffective 



ADR, 5FU, CDDP less effective [17] 



BRO tumors unresponsive to [18] 
ADR, 5FU, VCR, VBL, MTX, 
nitrosourea, ALK 

[19] 



Short infusions (72 h every 
21 days) not effective 
Long infusions (5 days every 
7 days) very effective 



[20] 



CPT-1 1 effective against 2 xeno- [21] 
grafts selected for resistance to 
topotecan and rhabdomyosarcoma 
lines resistant to VCR and mel- 
phalan 



VCR, aclarubicin, VP-16 5FU, [22] 
THP-ADR, ineffective 



CPT-11 highly active (complete 
regressions) against colon lines 

Topotecan: 0.5-1.5 mg Both drugs similar high activity 
(dx5) 12 p.o. against rhabdomyosarcomas and 

brain tumors 

Concluded: low dose protracted 
scheduling of daily administration is 
equi-efficacious as shorter more in- 
tense schedules 



CPT-11 and topotecan active 
against tumors selected for 
resistance to VCR 
CPT-11 active against tumor 
selected for resistance to 
melphalan 



[23] 
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Table 4 {Continued). 



Drug 



Topotecan, 
Gl 147211, 
G 1149893 



CPT-11 



CPT-U 



CPT-11 



9-AC 



Xenograft tumor 



Dose (mg/kg) and 
schedule 



Comment 



Ref. 



Colon HT-79 



MTD divided into 3 Gl 147211 and Gl 149893: 
doses infused q 4 hourly Regressions > 50% in HT79 and 



[24] 



in 24 h X 2/week for 
5 weeks 



Colon SW-48 
Mammary MX-1 

Prostate PC-3 
PNET SKNMC 

Neuroblastomas 

N835 

NB8 

NB3 

6 neuroblastoma 
lines 



9 brain tumor 
lines 



27-40 mg (dX5) i.v. 
and q (4dx3) i.v. 



SW-48 



Complete regressions in MX- 1, 
growth inhibition in PC3 
Topotecan: Growth inhibition only 
Very effective, high complete re- 
sponse rates 



[25] 



10^0 mg (dx5) i.v. Highly efficacious 



5-10 mg [(dx5)2]3 i.v. 
25-50 mg (dx5)12 p.o. 



40 mg (d X 5)2 i.p. 



Complete regression of all tumors 
on the protracted i.v. schedule 
and all tumors using oral schedule 

Tumor regression in every 
treated tumor line 



Inhibition and regression of 
tumor growth 



Gliomas 

Medulloblastomas 
Ependymomas 
Prostate PC 3 2 mg X 2/week for 
3 weeks s.c. 
0.35-1 mg (dx5) 3 p.o. 
Topotecan 6 neuroblastoma 0.36-2 mg [(d X 5)2]3 i.v. Highly effective 
lines 

Complete regressions in all 
tumors 



[26,- 
27] 



CPT-11 active against tumors re- [28] 
sistant to busulfan, procarbazine, 
cyclophosphamide and melphalan 



PC3 is a hormone refractory [29] 
prostate line 

Minimum daily systemic exposure [30] 
related to objective response 



CAM, camptothecm; 9-AC, 9-aminocamptothecin; 9-NC, 9-nitrocamptothecin; 9-CL-CAM, 9-chlorocamptothecin. 



topotecan administered i.p. or subcutaneously, but 
not when given orally. 

The camptothecin prodrug CPT-11 (irinotecan; 7- 
ethyl- 1 0-(4-[ 1 -piperidino]- 1 -piperidino)carbonyloxy- 
20(S>camptothecin) has been extensively studied in 
murine syngeneic tumors [14-16]. The activity of 
CPT-11 against a panel of tumors implanted subcu- 
taneously is presented in Table 3. CPT-11 demon- 
strated significant activity by parenteral and oral 
routes against a broad spectrum of tumors, either 
as disseminated models following intravenous inocu- 
lation systemic (i.v. inoculated highly metastatic B16- 
F10 melanoma), or in control of spontaneous metas- 
tases from subcutaneous implants (murine colon- 



26). The most comprehensive study reported [16] 
evaluated CPT-11 in ten murine tumors and one hu- 
man xenograft. All 11 tumors responded to CPT-1 1, 
eight of them being responsive at the Decision Net- 
work-2 level (DN-2, where treated/control volumes 
were < 10%), which is the criteria used by the NCI 
to justify further development. Of note was that 
CPT-U was curative against early stage pancreatic 
ductal carcinoma (P03), a highly chemorefractory 
neoplasm. This work also showed no cross-resistance 
in vivo in P38S7VCR leukemic cells resistant to vin- 
cristine or human breast carcinoma cells selected for 
resistance to docetaxel (taxotere). However, the lim- 
ited pharmacokinetic data reported showed that sig- 
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nificantly higher levels of SN-38, the active metabo- 
lite of CPT-1 1, were achieved in the mouse compared 
to limited data available from clinical trials. 



4. Human xenograft models 

Data with human tumor xenografts suggest that 
these models may be of value in selecting new agents 
for clinical development. As a minimum requirement 
the model should identify those agents known to be 
clinically effective and should parallel the chemosen- 
sitivity-chemoresistance profile of the clinical dis- 
ease. The approach most commonly taken is to het- 
erograft surgical specimens of tumor into 
congenitally immune deficient (athymic nude mice), 
or mice that have been immune-deprived to prevent 
graft rejection. Alternatively, cells cultured from hu- 
man tumors may be injected into the mice subcuta- 
neously. In certain circumstances it may be impor- 
tant to assess the pre-clinical activity of a new drug 
under conditions that mimic the clinical situation 
(i.e. metastatic disease), in which case the develop- 
ment of orthotopic models can be attempted by in- 
jecting cells into the natural occurring site within the 
host, or intravenously. Of importance in using hu- 
man cell lines to develop therapeutically useful mod- 
els is the potential of the cell lines to retain their 
sensitivity to chemotherapeutic agents. Clearly, a 
line derived from a single patient is unlikely to sim- 
ulate the clinical disease. Thus, a number of lines are 
generally required to accurately simulate the clinical 
spectrum of offering the potential to conduct 'pre- 
clinical phase II evaluation'. However, conditions 
for tumor growth in the mouse differ from patients, 
hence the contribution of the mouse will be impor- 
tant in determining chemosensitivity of these xeno- 
grafts. Generally, human tumor xenografts retain 
the chemosensitivity characteristics of the original 
tumor. 

Thus the original report [3] on the curative activity 
of 9-aminocamptothecin (9-AC) against chemore- 
fractory colon cancers served to focus considerable 
attention on this class of anticancer agent. Interest- 
ingly, while administration of drug by the subcuta- 
neous route was highly active, subsequent studies 
with i.v. administration were relatively disappointing. 
Activity of camptothecin analogues has been con- 



firmed against an extensive panel of human tumor 
xenografts commonly used for pre-clinical evaluation 
and possessing a broad pattern of biological proper- 
ties and chemosensitivities [17-30] (Table 4). The 
growth of all xenografts was significantly inhibited 
by camptothecin analogue administration with a 
high percentage of complete and partial tumor re- 
gressions. In contrast, where reported, standard 
agents used for clinical treatment of the respective 
tumor type showed considerably less activity. 9-Ami- 
nocamptothecin, the first analogue where results of 
preclinical evaluations were reported, was able to 
induce complete remissions in mice bearing xeno- 
grafts of colon adenocarcinoma and malignant mel- 
anoma BRO xenografts. 9-Nitrocamptothecin, a 
compound currently under clinical investigation, is 
converted to 9-AC, and has shown superior thera- 
peutic efficacy over 9-AC and parental camptothecin 
in a large number of human xenograft models [31]. 
Topotecan also demonstrated good antitumor activ- 
ity when administered i.v., i.p. and orally, against a 
variety of childhood tumors, with a high percentage 
of complete regressions against rhabdomyosarcomas, 
neuroblastomas and some brain tumors. In contrast, 
much reduced activity was found against colon car- 
cinoma xenografts. 

CPT-1 1 (irinotecan) appears to be the most effica- 
cious analogue in preclinical studies, and has been 
investigated most extensively. CPT-1 1 when given 
by i.v., i.p. or oral routes showed substantial activity 
against a broad spectrum of human tumor xeno- 
grafts, including human cancer xenograft lines unre- 
sponsive to many cytotoxic agents. High cure rates 
were obtained against MX-1 mammary tumor, rhab- 
domyosarcomas, neuroblastomas, colon cancers and 
brain tumors. Activity was also retained against tu- 
mors selected for resistance to topotecan, VCR, mel- 
phalan, and also busulfan, procarbazine, and cyclo- 
phosphamide. However, as will be discussed later, 
mice tolerate far higher systemic exposure to this 
agent than humans. Thus, exposures to CPT-11 or 
its active metabolite (SN-38) associated with tumor 
regressions in mice, may be far in excess of exposures 
achievable in patients. 

GI 1472 11 and GI 149893, 10,1 1-methylenedioxy, 7- 
substituted compounds, two water soluble analogues 
of camptothecin have been assessed in preclinical 
models of colon and mammary cancers. Their anti- 
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tumor effects were dose- and schedule-dependent 
with a greater reduction in tumor volume achieved 
by prolonged dosing. Concurrent experiments dem- 
onstrated that they were more effective than topote- 
can in suppressing tumor growth, although optimal 
schedules for topotccan were not compared in these 
studies [24]. 

For camptothecin analogues evaluation of the 
antitumor efficacy requires schedules in the mouse 
that produce drug exposures similar to those in pa- 
tients. For many of the experiments reported in Ta- 
ble 4 systemic exposures in the mouse to lactone 
forms of the camptothecin used far exceed exposures 
that can be achieved in patients. The results demon- 
strate the relative sensitivity of a given tumor to a 
series of analogues administered to their maximally 
tolerated dose levels in the mouse; however, such 
data may overpredict activity in patients. Without 
knowing the relative toxicities in humans, such data 
may have limited predictive value for selecting ana- 
logues for further development. 



5. Schedule-dependent antitumor activity 

Animal models may also be useful for examining 
alternative schedules of drug administration. Indeed, 
obtaining information about the schedule depen- 
dence in relation to both the activity and toxicity 



of an anticancer agent is one of the objectives of 
preclinical studies. However, for camptothecins in 
particular, experimental designs to assess both end- 
points may have to be different. Topoisomerase I 
inhibitors exert their activity potentially during the 
S-phase of the cell cycle. It is assumed therefore that 
once a cytotoxic threshold is achieved, exposure 
time, rather than further dose escalation, is the im- 
portant parameter for determining the response to 
these cell cycle specific agents. Consequently, pro- 
tracted drug administration could increase antitumor 
activity. 

Scheduling was first noted to be of importance in 
the study by Kawato et al. [17] and confirmed sub- 
sequently in additional models [18-20]. These studies 
showed that for similar total dosages administered 
prolonged schedules were more effective than more 
intense treatments of shorter duration. Several 
groups have reported schedule-dependent activity 
of camptothecin analogues, although this finding 
does not appear to have been used in design of the 
initial clinical trials. Schedule dependence is illus- 
trated in Fig. 2, where the responses of individual 
human colon tumor xenografts have been measured 
in mice receiving drug vehicle (control) or 9-AC 
treatment. Both treatment groups received the same 
total dose of drug, the difference being that drug was 
given over 5 days or 10 days. Clearly, 9-AC admin- 
istered over 10 days was significantly more active 





Weeks " Weeks 
Weeks 

Fi„. 2. S=h«d u to*p«*n. «**y or^mino^ptotei. Mk. being HC, h.m.n «.lo „ ,dc „oc,»«». , 

St Panel). The total dose administered in each treatment group was 22.5 mg/kg. Eaeh curve represents the growth of an mdtv.dual 
tumor. (Unpublished data.) 
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Fig 3 Efficacy of repeated courses of therapy relative to more intense treatment schedules against VRC 5 colon xenografts. (A) Con- 
trol" (B) CPT-1I 40 mg/kg/dose; (C) 10 mg/kg/dose given (dx5)2 i.v.; (D) control; (E) CPT-1 1 10 mg/kg/dose; (F) 5 mg/kg/dose giv- 
en (dX5)2 repeated every 21 days for three cycles (treatment periods marked by heavy horizontal bars). Each curve represents the 
growth of an individual tumor. Total doses administered were 400, 100, 300 and 150 mg/kg in groups B, C, E and F, respectively. 
(From Houghton et al. [21], with permission.) 



than the same dose given over 5 days. In xenograft 
models, at least, drugs such as CPT-1 1 appear to be 
'self-limiting', where increasing the dose per admin- 
istration does not result in further antitumor activ- 
ity. This is illustrated in Fig. 3, where mice received 
CPT-1 1 for two 5 day courses (dX5)2 for a single 
cycle, or where lower doses were administered for 
three cycles on the (dx5)2 schedule [21]. In this 
colon tumor, increasing the dose from 10 to 40 
mg/kg per administration did not result in greater 
antitumor activity. In contrast, repeating the cycles 
of (d X 5)2 therapy at 5 mg/kg over 8 weeks resulted 
in significantly greater activity compared to admin- 
istration of a higher total dose of drug over 12 days 
(i.e. 150 mg/kg vs. 400 mg/kg total dose adminis- 
tered, respectively). 



6. Combination therapy with topoisomerase I 
inhibitors 

6.1. Irinotecan with inhibitors of topoisomerase II 

Although a conceptual basis exists for anticipating 
synergistic activity between inhibitors of topoisomer- 
ases I and II, several studies have demonstrated an- 
tagonism in vitro in hamster ovary [32], human pro- 
myelocyte leukemia [33] and HT-29 human colon 
cancer cells [34]. Kim et al. [35] reported potentiation 
of cytotoxicity in several xenograft models when iri- 
notecan was administered 24 h after doxorubicin, but 
antagonism when the agents were administered si- 
multaneously. Houghton et al. [36] subsequently 
evaluated the combination of etoposide with CPT- 
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1 1 where both agents were administered i.v. using the 
(dx5)2 schedule. Using this schedule of administra- 
tion where i.v. injection of agents was separated by 
2 h, the combination was synergistically toxic. In 
combination, CPT-11 and etoposide could only be 
administered at 38% of their respective MTD when 
given as a single agent (toxicity index = 0.76). Hema- 
topoietic toxicity of the combination was marked by 
significant myelosuppression and prolonged throm- 
bocytopenia. Toxicity was similar whether CPT-11 
was administered before or after etoposide. These 
results are in marked contrast to the antagonism be- 
tween the topoisomerase inhibitors predicted from 
the combination studies using malignant cells in cul- 
ture. The combination was compared to the activity 
of CPT-11 or etoposide given as single agents at the 
same dose levels used in the combination. Against 



the colon tumor models, the combination showed 
similar activity to that determined after CPT-11 as 
a single agent administered at the dose used in the 
combination. Thus, etoposide did not antagonize the 
activity of CPT-11, but also demonstrated no syner- 
gism, irrespective of the sequence of administration. 
Similar results were obtained in the rhabdomyosar- 
coma models when etoposide was administered be- 
fore CPT-11. However, when etoposide was given 2 h 
after CPT-11, there was a significant antagonism in 
three of the tumor models tested. This was particu- 
larly marked in three rhabdomyosarcoma lines where 
CPT-1 1 as a single agent induced complete regression 
of all tumors. When CPT-11 was administered 2 h 
before etoposide there was a dramatic reduction in 
the rate of objective responses, as shown for Rh30 
tumors in Fig. 4. If, as proposed by Bertrand et al. 
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Fig. 4. Responses of Rh30 rhabdomyosarcoma xenografts to irinotecan or irinotecan administered 2 h prior to etoposide. (A,D) Con- 
trols; (B) irinotecan 15 mg/kg/dose; (C) irinotecan 10 mg/kg/dose; (E) irinotecan 15 followed by etoposide 4.7 mg/kg/dose; (F) irinote- 
can 10 followed by etoposide 3.1 mg/kg/dose. Mice received i.v. treatment on the (dx5)2 schedule. Each line demonstrates growth of 
an individual tumor. (From Houghton et al. [35], with permission.) 
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[34], the cellular response to inhibition of topoisom- 
erase II by etoposide is to suppress replication, this 
would result in protection from generating poten- 
tially lethal double strand DNA breaks when the 
replication complex encounters the DNA-topoisom- 
erase I-camptothecin complex. These results, partic- 
ularly in the tumors reported, are of particular inter- 
est, as these xenografts are essentially unresponsive 
to etoposide. The data argue that despite their intrin- 
sic resistance to etoposide, this agent is able to exert 
some action within cells that inhibits the cytotoxic 
activity of the topoisomerase I inhibitor. Conse- 
quently, resistance would appear not to be a conse- 
quence of poor drug penetration to the cells, but 
rather the cellular response to inhibition of topo- 
isomerase II. In contrast, synergistic hematopoietic 
toxicity suggests that the response of murine hema- 
topoietic cells to etoposide is different from rhabdo- 
myosarcoma cells. Thus, in this normal tissue there is 
no antagonism to CPT-11 by etoposide. 

Combinations of camptothecins with different cy- 
totoxic agents have been extensively evaluated in vi- 
tro, although relatively few studies have been re- 
ported in animals. In part this is a consequence of 
the difficulty and expense of undertaking such stud- 
ies. However, the importance of animal testing stud- 
ies is that synergism between drug combinations is 
only valuable if it is tumor selective, and does not 
result in synergistic toxicity to limiting tissues of the 
host (i.e. net gain in therapeutic efficacy). Miki and 
Kotake [37] have reported significant activity when 
CPT-11 was combined with cisplatin rather than car- 
boplatin. Several studies in vitro have suggested that 
treatment with topoisomerase I inhibitors after radi- 
ation may convert single strand DNA breaks to dou- 
ble strand breaks, potentially leading to cell death. 
Further, camptothecins have been reported to sensi- 
tize hypoxic cells to radiation treatment [38]. In the 
FSallC fibrosarcoma, the effect of topotecan and 
camptothecin on enhancement of daily fractionated 
radiation was found to result in a sensitizer enhance- 
ment ratio of 1.4 for topotecan and 1.2 for campto- 
thecin. Using the MCa-4 mammary carcinoma, Kir- 
ichenko et al. [39] examined the dose dependence and 
schedule dependence of 9-AC combined with daily 
local radiation therapy (14 consecutive days of 2 Gy 
daily with a ,37 Cs unit) to the tumor-bearing leg. 
Results are shown in Fig. 5, where tumor responses 



and host weight loss are presented. In these experi- 
ments 9-AC was administered 1 h before radiation. 
These results indicate that 9-AC potentiation of ion- 
izing radiation is dose- and schedule-dependent. 
Maximum dose modifying factors of 2.4, 3.7 and 
3.3 were obtained for groups of mice treated total 
doses of 2.0, 4.0 and 8 mg/kg 9-AC with 28 Gy ion- 
izing radiation. Evaluation of the effect of 9-AC and 
radiation on normal tissue toxicity was examined in 
two tissues, jejunum and skin. It was found that 
jejunal crypt cell survival was decreased in mice re- 
ceiving 9-AC plus 12.5 Gy total body radiation com- 
pared to those receiving radiation alone, suggesting 
that gastrointestinal tract could be a critical target 
tissue for the use of 9-AC combined with radiation. 




Closed symbol: 9-AC alone 
Open symbol: 9-AC ♦ 2 Gy/Day 



16 20 24 28 32 38 40 44 



TIME (Days) 

Fig. 5. Tumor regrowth delay (top panel) and percentage 
weight loss (bottom panel) as a function of treatment with vari- 
ous doses of 9-AC alone or in combination with a fractionated 
radiation schedule of 2 Gy daily for 14 days, for a total dose 
of 28 Gy. 9-AC was injected twice a week for 2 weeks, I h be- 
fore radiation beginning the first day of treatment, t, no treat- 
ment- v fractionated radiation alone; a, 9-AC atone (total 
dose,' 2 mg/kg); a, 9-AC (2 mg/kg) + 28 Gy; * 9-AC alone 
(total dose 4 mg/kg); a 9-AC (4 mg/kg) + 28 Gy; 9-AC 
alone (total dose 8 mg/kg); O, 9-AC (8 mg/kg) + 28 Gy. (From 
Kirichenko et al. [39], with permission.) 
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7. Toxicity 

7./. Hematopoietic toxicity 

The impressive preclinical activity of the newer 
camptothecins in xenograft models derived from a 
variety of human tumors contrasts to the clinical 
activity observed in many phase II studies. The topo- 
isomerase I inhibitors cause dose limiting toxicity to 
rapidly renewing tissues such as hematopoietic tis- 
sues in humans and animals. However, dose limiting 
toxicity occurs at tenfold lower doses in humans than 
in mice. Humans can only tolerate 1 1% as much to- 
potecan per day as mice. This differential may be 
greater for CPT-1 1. From pharmacokinetic estimates 
of exposure to SN-38 at the maximum tolerated dose 
in patients receiving CPT-1 1 every 7 days, it was 
estimated that the systemic exposure represented 
only 6% of the MTD in mice [40]. The failure to 
achieve dosages in patients which are curative in 
the murine models might be due to greater sensitivity 
of human than mouse myeloid progenitors. Using in 
vitro clonogenic assays, Erickson-Miller et al. [41]. 
have investigated whether hematopoietic progenitors 
of the myeloid lineage from humans, mice and dogs 
exhibit the differential sensitivity to these compounds 
that is evident in vivo. The toxicity of camptothecin 
analogues to human and animal myeloid progenitors 
was quantified from the inhibition of marrow CFU- 
GM colony formation as a result of continuous drug 
exposure. The camptothecins in clinical trials (camp- 
tothecin lactone, topotecan and 9-AC) inhibited col- 
ony formation in a concentration-dependent manner 
and the results suggest that humans cannot tolerate 



exposures to camptothecins which are curative in 
murine models because of the greater susceptibility 
of their myelopoietic tissue to the drug toxicity. Mur- 
ine myeloid progenitors tolerated higher drug con- 
centrations than did their human counterparts for 
all the compounds examined. The differences be- 
tween mice and humans were large with topotecan 
and 9-AC (Table 5). The susceptibility of human 
CFU-GM to drug toxicity is more closely approxi- 
mated by canine than by murine CFU-GM. This 
finding explains why even sub-curative doses of 
camptothecins are severely myelotoxic in patients. 
The greater sensitivity of human than of murine pro- 
genitors must be overcome to achieve in patients 
drug exposures that cure human tumor xenografts 
in mice. 

7.2 Gastrointestinal toxicity 

The clinical use of CPT-1 1, at higher dosages, has 
been associated with an unexpected and significant 
incidence of diarrhea, which is now recognized as a 
dose limiting toxicity of the compound [42]. How- 
ever, this was not anticipated from studies in rodents, 
where diarrhea was not observed. Diarrhea may be 
caused by abnormalities of intestinal absorption or 
secretion, because of a change in intestinal flora, in- 
creased peristalsis, or drug induced epithelial dam- 
age. The considerable interpatient variability in the 
severity of the diarrhea has made it difficult to ex- 
plain the mechanism of CPT- 11 -associated diarrhea. 
This toxicity, however, is not unique to CPT-1 1. The 
dose limiting toxicity of topotecan, when adminis- 
tered orally for 21 days was diarrhea in patients. 
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The etiology of this side effect of camptothecins is 
not yet clear, although several animal models have 
been established that attempt to simulate CPT-11 
induced diarrhea. However, whether any of these ac- 
curately recapitulate the human toxicity is unclear. 

73. Mouse models 

Ikuno et al. [43] recently reported on the mecha- 
nisms of CPT-11 induced diarrhea in mice. They ob- 
served characteristic changes in the intestinal mucosa 
of CPT-11 treated mice including marked shortening 
of the villi (villous atrophy), and epithelial vacuola- 
tion of the ileum, associated with increased apopto- 
sis, and goblet cell hyperplasia in the cecum. These 
structural and functional effects were postulated as 
the main causes of CPT-11 induced diarrhea leading 
to malabsorption and hypersecretion of mucin. The 
malabsorption in CPT-11 treated mice was thought 
to be caused by villous atrophy following crypt dam- 
age and apoptosis of absorptive cells in the small 
intestine. The goblet cell hyperplasia with excessive 
production of mucin in the cecum could be another 
contributing factor to the cause of diarrhea with 
CPT-11. 

7.4. Rat models 

Recently, Sakai et al. [44] reported that relatively 
high concentrations of CPT-11 caused eicosanoid- 
mediated chloride secretion in isolated rat colon. 
Frequently, diarrhea is caused by the active secretion 
of electrolytes, especially chloride ions, suggesting 
this toxicity is independent of the action of CPT-1 1 
or the active metabolite, SN-38, on topoisomerase 1. 
CPT-11 diarrhea has also been characterized histo- 
logically and enzymologically in rats by assessing the 
relationship between intestinal toxicity and the activ- 
ity of the enzymes involved in the major metabolic 
pathways of CPT-11 [45]. CPT-11 is converted to its 
active metabolite SN-38 by carboxylesterase, and one 
possible mechanism for the diarrhea might include 
the structural and functional injuries to the intestinal 
tract resulting from mitotic inhibitory activity of the 
SN-38. Following conjugation in the liver, SN-38 
glucuronide (detoxified) is excreted into the bile 
and in the feces where it may be converted/processed 
to an active SN-38 by (^glucuronidase in the large 



intestinal microflora. In this study, histological dam- 
age was most severe in the cecum, with markedly 
decreased size and number of the crypts and super- 
ficial mucosal erosion. The segmental differences in 
the degree of damage showed good correlation with 
the (^glucuronidase activity in the contents of the 
lumen suggesting that this enzyme plays a key role 
in the exacerbation of intestinal toxicity induced by 
CPT-11. Intestinal tissue carboxylesterase activity, 
which also converts CPT-11 to its active form, 
showed poor correlation to the degree of tissue dam- 
age. Administration of antibiotics exerted a protec- 
tive effect against the diarrhea by completely inhibit- 
ing the P-glucuronidase activity in intestinal flora 
and thus the formation of active SN-38. 

7.5. Hamster models 

Bacon et al. [46] have examined the hamster as a 
model for CPT-11 induced intestinal toxicity. Female 
Syrian hamsters were dosed i.p. with CPT-1 1 (50 mg/ 
kg/day) for 10 days and observed through day 20. By 
day 5 all treated animals had developed diarrhea and 
deaths occurred starting on day 7. Histologically, a 
time-dependent loss of structural integrity of the je- 
junal and ileal mucosa was observed; the typical co- 
lumnar morphology of the epithelial cells was lost 
and the villi appeared corrugated. In the colon, the 
epithelium was thinned and vacuolated within the 
first 5 days of treatment. Immunohistochemical tech- 
niques to detect proliferating cell nuclear antigen 
(PCNA), showed an increase in the number of la- 
beled epithelial cells and labeling intensity in treated 
animals. The labeled cells were located further to- 
ward the tips of villi compared to control animals. 
Increased levels of PCNA and loss of differentiation 
in cell morphology suggested that CPT-1 1 induces a 
cell cycle block in S-G 2 , with subsequent loss of 
physiologic function in hamster intestinal epithelium. 

8. Interspecies differences that complicate translation 
of preclinical results 

8.1. Interspecies differences in drug metabolism 
and disposition 

Clearly, camptothecins have demonstrated consid- 
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erably greater activity against model tumors in ro- 
dents than against clinical cancer. In part, this ap- 
pears a consequence of the tolerance of mice to these 
agents in contrast to that of humans. The plasma 
systemic exposure, expressed as an area under the 
concentration-time curve or AUC, for irinotecan 
and its active metabolite SN-38 in mice [16,47] and 
patients [48-50] is presented in Table 6. To facilitate 
comparison between schedules, systemic exposure 
has been expressed for each course of therapy, usu- 
ally in a 21 day time frame at the highest non-toxic 
dose (HNTD) for mice and the MTD for humans. 
Because not all investigators report the lactone and 
total drug it is difficult to directly compare the sys- 
temic exposure of irinotecan and SN-38 between 
studies; however, when given as a single injection 
weekly in humans, the systemic exposure to irinote- 
can, and particularly SN-38, is significantly greater in 
mice than in humans. 

This raises the concern that studies with syngeneic 
tumors or human xenografts grown in murine mod- 
els may over-predict the potential clinical utility of 
this, as well as other classes of anticancer drugs. For 
camptothecins the reasons for the interspecies differ- 
ences are not well understood. However, rather than 
use the mouse model to predict systemic drug expo- 
sures associated with toxicity, we have chosen to use 
it to determine the systemic exposure associated with 
antitumor effect against the human tumor xenograft. 
For example, we determined the daily systemic expo- 
sure to topotecan that caused objective regressions 



against neuroblastomas xenografts when the drug 
was administered 5 days per week for 2 consecutive 
weeks [30]. As shown in Fig. 6, partial responses 
were achieved in each of six independently derived 
neuroblastoma xenografts at a daily topotecan lac- 
tone systemic exposure of 100 ng/mlxh, whereas 
complete responses were achieved in four tumor 
lines. Thus, the results of these studies define the 
effective antitumor systemic exposure to the campto- 
thecin analogue, and this may be directly extrapo- 
lated to the design of clinical trials of the agent. 

8.2. Protein binding 

Most studies of the systemic exposure to campto- 
thecin analogues have measured total drug concen- 
tration which consists of both drug bound to plasma 
protein and unbound drug. For drugs extensively 
bound to plasma proteins, like SN-38, unbound 
drug concentrations correlate best with indices of 
pharmacologic effect. Thus, if significant interspecies 
variability exists in the plasma protein binding of 
anticancer drugs, comparisons between unbound 
drug concentrations and toxicity in humans and ani- 
mals may be more appropriate. Interspecies differen- 
ces in the serum or plasma protein binding of several 
drugs have been reported, including anticancer 
drugs. 

The relevance of interspecies differences in drug 
protein binding is seen with camptothecin analogues. 
Camptothccin exists as a pentacyclic structure with a 



Table 6 . 

Comparison of irinotecan and SN-3 8 systemic exposure (AUC) between mice and humans 

~ Lactone irinotecan Lactone SN-38 Total irinotecan Total SN-38 



n r i^acione irmuic^au i-avivuv — 

KC (ng/mlxh) (ng/mlxh) (ng/mlxh) (ng/mlxh) 



Mice ,<y c 34 5 

Irinotecan 52.5 mg/kg i.v. (Bissery et al. [16]) n/a n/a o . 

Irinotecan 10 mg/kg i.v. [(dx5)2]3 (Stewart et al. [47]) 13.0 5.3 n/a 

Humans ~a q 0 45 

Irinotecan 350 mg/m 2 i.v. once every 3 weeks n/a n/a 

(Abigerges et al. [48]) 0 % 

Irinotecan 100 mg/m 2 i.v. for 3 consecutive days every n/a n/a 

3 weeks (Catimel et at. [49]) 0 g2 

Irinotecan 150 mg/m 2 /week i.v. for 4 of 6 weeks 5.6 0.-4 

(Rothenberg et al. [50]) ll/a 
Irinotecan 20 mg/m 2 i.v. [(dx5)2]3 4.0 14 

(Furman, Stewart, unpublished) 



Total and lactone AUC have been calculated for the cumulative exposure for a 21 day cycle of therapy. 
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Fig. 6. Topotecan lactone AUC associated with response in 
neuroblastoma xenografts. Mice were treated with topotecan on 
an optimal i.v. schedule (daily X 5) for 2 consecutive weeks, re- 
peated every 21 days for three cycles over 8 weeks. Responses 
(PR, partial response; CR, complete response) were determined 
at decreasing daily dose levels of topotecan administered. Topo- 
tecan daily exposures associated with doses that caused PR or 
CR in each neuroblastoma line were determined. (Unpublished 
data.) 

lactone moiety in the terminal E-ring. Studies have 
shown the presence of a lactone ring is a structural 
requirement for antitumor activity. Thus, factors in- 
fluencing the lactone-carboxylate equilibrium are im- 
portant determinants of drug activity (see Fig. 1). In 
addition to pH, presence of protein has been shown 
to be important to the stability of the lactone [51,52]. 
Investigators have shown that human serum albumin 
had a marked preference for the carboxylate form of 
camptothecin, greater than serum albumin from five 
other species. Thus, binding of the carboxylate to 
albumin drives the equilibrium away from the active 
lactone form of the drug. However, structural mod- 
ifications to the camptothecin ring seen with CPT-1 1, 
SN-38, and topotecan diminished the interspecies dif- 
ferences in stabilization of the lactone. This is con- 
trasted with 9-AC, where the marked interspecies 
difference in stabilization of the carboxylate form 
was similar to that observed with camptothecin. In 
mouse 4 h after intragastric administration, lactone 
forms of camptothecin or 9-nitrocamptothecin com- 
prise 57-81% and 47-95% of the total drug, respec- 
tively. However, in plasma from humans treated or- 
ally with either drug, the lactone comprised only a 
minor component of total drug levels [53]. This in- 
terspecies variability in protein stabilization of the 
carboxylate form is important for translation of pre- 



clinical findings into clinical trials. These results also 
illustrate the importance of determining the systemic 
exposure to lactone forms of camptothecin analogues 
that induce objective regressions in xenograft models. 
This information could be valuable in understanding 
and designing phase II clinical trials. Attempts to 
encapsulate and stabilize lactone forms of campto- 
thecins may also increase the therapeutic utility of 
drugs such as camptothecin or topotecan [54,55]. 



9. Future directions 

Identifying camptothecin analogues, as well as 
other inhibitors of topoisomerase I, that will have 
greater therapeutic utility in clinical therapy remains 
a considerable challenge. Clearly the preclinical 
screens have selected several analogues of camptothe- 
cin that have more acceptable pharmaceutical prop- 
erties (i.e. better water solubility). Topotecan and 
CPT-11 have demonstrated significant activity 
against ovarian, small cell lung cancer, and for 
CPT-11 activity in colon carcinoma. Against child- 
hood cancers, topotecan is active in neuroblastoma 
and rhabdomyosarcoma, as predicted by the preclin- 
ical studies. Clinically there appear to be qualitative 
as well as quantitative differences between analogues 
that have been reported in xenograft models. How- 
ever, response rates for these agents have been well 
below that anticipated from preclinical studies. As 
discussed above, this probably relates to differences 
in host (mouse vs. human) toxicity. More realistic 
response rates may be anticipated if exposure to 
camptothecins in the mouse were to simulate patient 
exposure. However, such information is not available 
when selecting between analogues at a relatively early 
stage in development. One way in which equi-effica- 
cious analogues could be distinguished would be to 
introduce assays of differential species marrow tox- 
icity at an early stage in development. This may al- 
low identification analogues with good antitumor ac- 
tivity, but with little difference in species toxicity. 
Further development of models that are more pre- 
dictive of the major toxicities of camptothecins 
would also assist in identifying agents with non-hem- 
atological toxicity, and assist in developing strategies 
for ameliorating diarrhea associated with CPT-11. 
The full curative/therapeutic potential of these 
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drugs will not be realized without the development of 
approaches to compensate for the dose limiting neu- 
tropenia. Thus, approaches to reducing myelosup- 
pression, through use of hematopoietic growth fac- 
tors, reconstitution with peripheral blood cell 
progenitors, or protecting marrow through transduc- 
tion of camptothecin-resistance genes, appear ration- 
al. Design of clinical protocols that more accurately 
recapitulate optimal schedules and drug exposures 
determined in xenograft models also seems appropri- 
ate with these agents that are highly schedule-de- 
pendent in their antitumor activity. Clearly an under- 
standing of the biochemical/molecular events that 
determine such dramatic schedule dependence will 
help in more effective clinical utilization of these 
agents, alone, or in combination with other cytotoxic 
agents. 



Acknowledgements 

Work from these laboratories was supported by 
UPHS grants CA23099, CA 32613, CA21765 (Can- 
cer Center Support CORE Grant), and by American 
Lebanese Syrian Associated Charities (ALSAC). 



References 

[1] D.K.. Trask, M.T. Muller, Stabilization of type 1 topo- 
isomerase-DNA covalent complexes by actinomycin D, 
Proc. Natl. Acad. Sci. USA 85 (1988) 1417-1421. 

[2] J.F. Holland, E. Frei HI, R.C. Bast Jr., D.W. Kufe, D.L. 
Morton, R.R. Weichselbaum (Eds.), Cancer Medicine, 4th 
edn., 1997. 

[3] B.C. Giovanella. J.S. Stehlin, M E. Wall, M.C. Warn, A.W. 
Nicholas, L.F. Liu, R. Silber, M. Pomesil, DNA topoisomer- 
ase 1 -targeted chemotherapy of human colon cancer xeno- 
grafts, Science 246 (1989) 1046-1048. 

[4] W.D. DeWys, S.R. Humphreys, A. Goldin, Studies on the 
therapeutic effectiveness of drugs with tumor weight and 
survival time indices of Walker 256 carcinosarcoma, Cancer 
Chemother. Rep. 52, (2) (1968) 229-242. 

[5] R.C. Gallo, J. Whang-Peng, R-H. Adamson, Studies on the 
antitumor activity, mechanism of action, and cell cycle ef- 
fects of camptothecin, J. Natl. Cancer Inst. 46 (1971) 789- 
795. 

[6] J.A. Gottlieb, A.M. Guarino, J.B. Call, V.T. Oliveno, J.B. 
Block, Preliminary pharmacologic and clinical evaluation of 
camptothecin sodium (NSC 100880), Cancer Chemother. 
Rep. 54 (1970) 461^70. 



[7] C.G. Moertel, A.J. Schutt, R.J. Reitemeier, R.G. Hahn, 
Phase II study of camptothecin (NSC-100880) in the treat- 
ment of advanced gastrointestinal cancer, Cancer Chemo- 
ther. Rep. 56 (1972) 95-101. 

[8] W.D. Kingsbury, J.C. Boehm, D.R. Jakas, K.G. Holden, 
S.M. Hecht, G. Gallagher, M.J. Caranfa, F.L. McCabe, 
L.F. Faucette, R.K. Johnson, R.P. Hertzberg, Synthesis of 
water soluble (aminoalkyl) camptothecin analogues: inhibi- 
tion of topoisomerase I and antitumor activity, J. Med. 
Chem. 4 (1990) 98-107. 

[9] Y.H. Hsiang, R. Hertzberg, S. Hecht, L.F. Liu, Camptothe- 
cin induces protein-linked DNA breaks via mammalian 
DNA topoisomerase I, J. Biol. Chem. 260 (1985) 14873- 
14878. 

[10] A.Y. Chen, L.F. Liu, DNA topoisomerases: essential en- 
zymes and lethal targets, Annu. Rev. Pharmacol. Toxicol. 
34 (1994) 191-218. 

[1 1] J. Nitiss, J.C. Wang, DNA topoisomerase-targeted drugs can 
be studied in yeast, Proc. Natl. Acad. Sci. USA 85 (1988) 
7501-7505. 

[12] L.F. Liu, Topoisomerase-1 targeted drugs. Mechanism of 
inhibition and cytotoxicity, in: T. Taguchi, J.C. Wang 
(Eds.), Vth World Conference on Clinical Pharmacology 
and Therapeutics. Highlights of a Satellite Symposium: Ap- 
proaches to Cancer Treatment by Topoisomerase-I Inhibi- 
tors, Biomedis, Tokyo, 1992, pp. 6-9. 

[13] F.L. McCabe, R.K. Johnson, Comparative activity of oral 
and parenteral topotecan in murine tumor models: efficacy 
of oral topotecan. Cancer Invest. 12 (1994) 308-313. 

[14] T. Kunimoto, K. Nitta, T. Tanaka, N. Uchara, H. Baba, M. 
Takeuchi, T. Yokokura, S. Sawada, T. Miyasaka, M. Mutai, 
Antitumor activity of 7-ethyl-10-[4-(l-piperidino)-l-piperidi- 
no]-l-carbonyloxy-camptothecin, a novel water soluble de- 
rivative of camptothecin, against murine tumors, Cancer 
Res. 47 (1987) 5944-5947. 

[15] T. Matsuzaki, T. Yokokura, M. Mutai, T. Tsuruo, Inhibi- 
tion of spontaneous and experimental metastasis by a new 
derivative of camptothecin, CPT-1 1, in mice, Cancer Chemo- 
ther. Pharmacol. 21 (1988) 308-312. 

[16] M.C. Bissery, P. Vrignaud, F. Lavelle, G.G. Chabot, Exper- 
imental antitumor activity and pharmacokinetics of the 
camptothecin analog irinotecan (CPT-1 1), Anti-Cancer 
Drugs 7 (1996) 437-^60. 

[17] Y. Kawato, T. Furuta, M. Aonuma, M. Yasuoka, T. Yoko- 
kura, K. Matsumoto, Antitumor activity of a camptothecin 
derivative, CPT-1 1, against human tumor xenografts in nude 
mice, Cancer Chemother. Pharmacol. 28 (1991) 192-198. 

[18] P. Pantazis, H.R. Hinz, J.T. Mendoza, A.S. Kozielski, L.J. 
. Williams, J.S. Stehlin Jr., B.C. Giovanella, Complete inhi- 
bUion of growth followed by death of human malignant 
melanoma cells in vitro and regression of human melanoma 
xenografts in immunodeficient mice induced by camptothe- 
cins. Cancer Res. 52 (1992) 3980-3987. 

[19] P.J. Houghton, P.J. Cheshire, L. Myers, C.F. Stewart, T.W. 
Synold, J.A. Houghton, Evaluation of 9-dimethylammo- 
methyl-10-hydroxycamptothecin against xenografts derived 



318 



J. Thompson el all Biochimica et Biophysica Acta 1400 (1998) 301-319 



from adult and childhood solid tumors, Cancer Chemother. 
Pharmacol 31 (1992) 229-239. 

[20] P. Pentazis, A.J. Kozielski, D.M. Vardeman, E.R. Petry, 
B.C. Giovanella, Efficacy of camptothecin congeners in the 
treatment of human breast carcinoma xenografts, Oncol. 
Res. 5 (1993) 273-281. 

[21] PJ Houghton, P.J. Cheshire, J.C. Hallman, M.C. Bissery, 
A Mathieu-Boue, J.A. Houghton, Therapeutic efficacy of 
the topoisomerase I inhibitor 7-ethyl-10-(4-[l-pipendino]-l- 
piperidino)-carbonyloxy-camptothecin against human tumor 
xenografts: lack of cross resistance in vivo in tumors with 
acquired resistance to the topoisomerase inhibitor 9-dimeth- 
ylaminomethyl-10-hydroxycamptothecin, Cancer Res. 53 

(1993) 2823-2829: 
[221 H Komuro, P. Li, Y. Tsuchida, K. Yokomon, K. Nakaji- 
ma. T. Aoyama. M. Kaneko, N. Kaneda, Effects of CPT1 1 
(a unique DNA topoisomerase I inhibitor) on a highly ma- 
lignant xeno-transplanted neuroblastoma, Med. Pediatr. On- 
col. 23 (1994) 487^92. 
[23] P.J. Houghton, P.J. Cheshire, J.D. Hallman, L. Lutz, H.S. 
Friedman, M.K. Danks, J.A. Houghton, Efficacy of topoi- 
somerase I inhibitors, topotecan and irinotecan, adminis- 
tered at low dose levels in protracted schedules to mice bear- 
ing xenografts of human tumors, Cancer Chemother. 
Pharmacol. 36 (1995) 393-403. 
P4] D L Emerson, J.M. Besterman, H.R. Brown, M.G. Evans, 
P.P. Leitner, M.J. Luzzio, J.E. Shaffer, D.D. Sternbach, D. 
Uehling, A. Vuong, In vivo antitumor activity of two seven- 
substituted water soluble camptothecin analogues, Cancer 
Res. 55 (1995) 603-609. 
[25] G. Vassal, M.J. Terrier- Lacombe, M.C. Bissery, A.M. 
Venuat, F. Gyergyay, J. Benard, J. Morizet, I. Boland, P. 
Ardouin, B. Bressac-de-Paillerets, A. Gouyette, Therapeutic 
activity of CPT-ll, a DNA-topoisomerase I inhibitor, 
against peripheral primitive neuroectodermal tumour and 
neuroblastoma xenografts, Br. J. Cancer 74 (1996) 537-545. 
[26] J Thompson, W.C. Zamboni, P.J. Cheshire, L. Lutz, X. 
Luo, Y. Li, J.A. Houghton, P.J. Houghton, Efficacy of sys- 
temic administration of irinotecan against neuroblastoma 
xenografts. Clin. Cancer Res. 3 (1997) 423-431. 
[27] J Thompson, W.C. Zamboni, P.J. Cheshire, L. Richmond, 
X. Luo, J.A. Houghton. C.F. Stewart, P.J. Houghton, Effi- 
cacy of oral administration of irinotecan against neuroblas- 
toma xenografts, Anti-Cancer Drugs 8 (1997) 313-322. 
[28] C.B. Hare, G.B. Elion, P.J. Houghton, J.A. Houghton, S. 
Keir, S.L. Marcelli, D.D. Bigner, U.S. Friedman, Therapeu- 
tic efficacy of the topoisomerase I inhibitor 7-ethyl-10- (4-[l- 
piperidino]-l-piperidino)-carbonyloxy-camptothecin against 
pediatric and adult central nervous system tumor xenografts, 
Cancer Chemother. Pharmacol. 393 (1997) 187-191. 
[29] P.L. deSouza, M R. Cooper, A.R. Imondi, C.E. Myers, 9- 
Aminocamptothecin: a topoisomerase 1 inhibitor with pre- 
clinical activity in prostate cancer, Clin. Cancer Res. 3 (1997) 
287-294. 

[30] W.C Zamboni, C.F. Stewart. J. Thompson, V. Santana, P.J. 
Cheshire, L.B. Richmond, X. Liu, J.A. Houghton, P.J. 



Houghton, The relationship between topotecan systemic ex- 
posure and tumor response in human neuroblastoma xeno- 
grafts, J. Natl. Cancer Inst. 90 (1998) 505-51 1. 
[31] B.C. Giovanella, E. Natelson, N. Harris, D. Vardeman, J.S. 
Stehlin, Protocols for the treatment of human tumor xeno- 
grafts with camptothecins, Ann. NY Acad. Sci. 803 (1996) 
181-187. e , . 

[32] P. D'Arpa, C. Beardmore, L.F. Lui, Involvement of nucleic 
acid synthesis in killing mechanisms of topoisomerase poi- 
sons, Cancer Res. 50 (1990) 6919^6924. 
[33] S.H. Kaufmann, Antagonism between camptothecin and 
topoisomerase II-directed chemotherapeutic agents in a hu- 
man leukemia cell line, Cancer Res. 51 (1991) 1129-1136. 
[34] R. Bertrand, P.M. O'Connor, D. Kerrigan. Y. Pommier, 
Sequential administration of camptothecin and etoposide cir- 
cumvents the antagonistic cytotoxicity of simultaneous drug 
administration in slowly growing human colon carcinoma 
HT-29 cells, Eur. J. Cancer 28A (1992) 743-748. 
[35] R. Kim, N. Hirabayashi, M. Nishiyama, K. Jinushi. T. 
Toge, K. Okada, Experimental studies on biochemical mod- 
ulation targeting topoisomerase I and II in human tumor 
xenografts in nude mice, Int. J. Cancer 50 (1992) 760-766. 
[36] J.A. Houghton, P.J. Cheshire, J.D. Hallman, L. Lutz, X. 
Luo, Y. Li, P.J. Houghton, Evaluation of irinotecan in com- 
bination with 5-fluorouracil or etoposide in xenograft mod- 
els of colon adenocarcinoma and rhabdomyosarcoma, Clin. 
Cancer Res. 2 (1996) 107-118. 
[37] T. Miki, T. Kotake, Advantages in combination chemother- 
apy using the camptothecin analogue CPT-ll and cisplati- 
num analogues for human testicular cancer xenografts, Hi- 
nyokika Kiyo (Acta Urol. Jpn.) 39 (1993) 1221-1225. 
[38] R.E. Boscia, T. Korbut, S.A. Holden, G. Ara, B. Teicher, 
Interaction of topoisomerase I inhibitors with radiation m 
m-diamminedichloroplatinum(ll)-sensitive and -resistant 
cells in vitro and in the FSA1IC fibrosarcoma in vivo, Int. 
J. Cancer 53 (1993) 118-123. 
[39] A.V. Kirichenko, T.A. Rich, R.A. Newman, E.L. Travis, 
Potentiation of murine Mca-4 carcinoma radioresponse by 
9-amino-20(S>camptothecin, Cancer Res. 57 (1997) 1929- 
1933. 

[40] P.J. Houghton, C.F. Stewart, W.C. Zamboni, J. Thompson. 
X. Luo, M.K. Danks, J.A. Houghton, Schedule-dependent 
efficacy 'of camptothecins in models of human cancer, Ann. 
NY Acad. Sci. 803 (1996) 188-201. 

[41] C L. Erickson-Miller, R.D. May, J. Tomaszewski, B. Os- 
born, M.J. Murphy, J.C. Page, R.E. Parchment, Differential 
toxicity of camptothecin, topotecan and 9-aminocamptothe- 
cin to human, canine, and murine myeloid progenitors 
(CFU-GM) in vitro. Cancer Chemother. Pharmacol. 39 
(1997) 467-472. 

[42] L.R. Wiseman, A. Markham, Irinotecan, Drugs 52 (1996) 
606-623. 

[43] N. Ikuno, H. Soda, M. Watanabe, M. Oka, Irinotecan 
(CPT-ll) and characteristic mucosal changes in the mouse 
ileum and cecum, J. Natl. Cancer Inst. 87 (1995) 1876-1883. 

144] H. Sakai, M. Diener, V. Gartrnann, N. Takeguchi, E.cosa- 



/ Thompson et all Biochimica et Biophysica Acta 1400 (1998) 301-3 J 9 



319 



noid-mediated Cl~ secretion induced by the antitumor drug, 
irinotecan (CPT-ll), in the rat, Naunyn-Schmiedeberg s 
Arch. Pharmacol. 351 (1995) 309-314. 
[45] K Takasuna, T. Hagiwara, M. Hirohashi, M. Kato, M. 
Nomura. E. Nagai, T. Yokoi, T. Kamataki, Involvement 
of beta-glucuronidase in intestinal microflora in the intestinal 
toxicity of the antitumor camptothecin derivative irinotecan 
hydrochloride (CPT-ll), Cancer Res. 56 (1996) 3752-3757. 
[46] J A Bacon, D.K.. Petrella, C.T. Cramer, Y. Maruyama, C. 
Ford D. Stapert, R.G. Ulrich, Intestinal toxicity and 
changes in proliferating cell nuclear antigen (PCNA) levels 
in hamsters induced by a camptothecin analogue, Toxicolo- 
gist (1996) (abstr.). 
[47] CF Stewart, W.C. Zamboni,- W.R. Crom, P.J. Houghton, 
Disposition of irinotecan and SN-38 following oral and in- 
travenous irinotecan dosing in mice, Cancer Chemother. 
Pharmacol. 40 (1997) 259-265. 
[48] D. Abigerges, G.G. Chabot, J. Armand, P. Herait, A. Gouy- 
ette, D. Gandia, Phase I and pharmacologic studies of the 
camptothecin analog irinotecan administered every three 
weeks in cancer patients, J. Clin. Oncol. 13 (1995) 210-221. 
[49] G Catimel, G.G. Chabot, J.P. Guastalla, A. Dumortier, 
C Cote, C. Engel, A. Gouyette, A. Mathieu-Boue, M. 



Mahjoubi, M. Gavel, Phase I and pharmacokinetic study of 
irinotecan (CPT-ll) administered daily for three consecutive 
days every three weeks in patients with advanced solid tu- 
mors, Ann. Oncol. 6, (2) (1995) 133-140. 
[50] M L. Rothenberg, J.G. Kuhn, H.A. Burris et aL Phase I 
and pharmacokinetic trial of weekly CPT-ll. J. Clin. Oncol. 
11 (1993) 2194-2204. 
[51] T.G. Burke, Z. Mi, The structural basis of camptothecin 
interactions with human serum albumin: impact on drug 
stability, J. Med. Chem. 37 (1994) 40^6. 
[52] T.G. Burke, C.B. Munshi, Z. Mi, Y. Jiang, The important 
role of albumin in determining the relative human blood 
stabilities of the camptothecin anticancer drugs (letter) (pub- 
lished erratum appears), J. Pharm. Sci. 84 (1995) 518-519. 
[53] J.G. Liehr, A.E. Ahmed, B.C. Giovanella, Pharmacokinetics 
of camptothecins administered orally, Ann. NY Acad. Sci. 
803 (1996) 157-163. 
[54] S.S. Daud, M.I. Fetouh, B.C. Giovanella, Antitumor effect 
of liposome-incorporated camptothecin in human malignant 
xenografts, Anti-Cancer Drugs 6 (1995) 83-93. 
[55] T G Burke, X. Gao, Stabilization of topotecan in low pH 
liposomes composed of distearoylphosphatidylchohne, 
J. Pharm. Sci. 83 (1994) 967-969. 



Animal Tumor Models 



Page 1 of 9 




5 



Bast Kufe Pollock W^^ Frei 



www.8CDecker.com: 



Short Contents | Full Contents 



Other books (ffiNCBI 




Cancer Medicine, 6th Edition, is now available on the Bookshelf. 



Navigation 

About this book 

Section 13. 
Principles of 
Chemotherapy 

42. Animal 
Models in 
Developmental 
Therapeutics 

The Role of 
Animal Models 

Animal Tumor 
Models 

Limitations of 
Animal Models 

Animal Models in 
Cancer Drug 
Development 

Other Animal 
Models 

Conclusion 

References 



Figures 

Figure 42.3. 
B A.Tumor growth 
in relation to... 

Figure 42.4. 
rn Intraperitoneal 
microencapsulated 
tumor assay. 

B Figure 42.5. 

Orthotopic in vivo 



Cancer Medicine Section 13. Principles of Chemotherapy 42. 

Animal Models in Developmental Therapeutics 

Animal Tumor Models 



The selection of the appropriate experimental model is critical to cancer drug 
discovery and development. The value of the model depends on its validity, 

selectivity, predictability, and reproducibility. — " — In cancer drug 
development, the animal model is selected to demonstrate the cytotoxic effect 
of the drug or biologic agent on the tumor passage in that model system. 



There is no perfect tumor model for any human cancer. Nevertheless, in 
selecting the best model system, consideration should be given to the genetic 
stability and heterogeneity of the transplanted cell line, its immunogenicity 
within the host animal, and the appropriate biologic end point (local growth, 
metastasis, survival). For example, the KHT sarcoma is a tumor with high 
metastatic potential, making it a very suitable model for the evaluation of a 

combined-modality treatment— or inhibitor of metastasis. 

In general, animal tumor models can be divided into either spontaneous or 
artificially transplanted systems. Solid tumors are usually transplanted by the 
inoculation of cell suspensions by the subcutaneous (SC), intradermal (ID), 
intramuscular (IM), intraperitoneal (IP), or intravenous (IV) routes. Leukemia 
models are transplanted only by the SC, IV, or IP routes. 

The spontaneous tumor models that are idiopathic or that arise following 

carcinogenic ^ — or viral exposure mimic the clinical situation most closely. 
Spontaneous tumors are usually measurable only late in their course. Their 
metastatic pattern is not uniform, and their response to therapy is generally 
poor. They also resemble human cancers in kinetics and antigenicity. 
However, there are significant obstacles to the use of such model systems. 
For example, a relatively small percentage of animals may develop disease 
following exposure to carcinogen or virus, and the tumors may have a 
variable natural course. In addition, the inability to establish accurate staging 
makes these models quantitatively unsuitable for assessing therapeutic 
response to an agent given in a uniform fashion. Generally speaking, 
spontaneous tumor models have their greatest role in studying the biology of 
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carcinogenesis. In the future, they may also be important in the development 
of chemopreventive or chemosuppressive drugs. 

The models with the widest use in experimental therapeutics are the 
transplanted animal tumor models and the human tumor xenografts. These 
will be discussed in some detail below. 

Transplantable Animal Tumor Models 

Early passages of transplanted tumors resemble spontaneous cancer most 
closely. These early passages show significant heterogeneity in cell kinetics 
and histology. ^ — Despite these limitations, such models have been used in 
drug screening. Because established transplantable tumor models are well 
characterized and reproducible, they have traditionally been the foundation of 
cancer drug development. 25~"2Z jjow good are they in predicting clinical 
activity? 

Multiple studies have been undertaken to assess the ability of preclinical 
animal activity to predict antitumor response in man. ^ ^8* 29 ]y[ arson i co- 
workers evaluated the activity of all cytotoxic drugs introduced into phase II 
clinical trial by the NCI between 1970 and 1985. 22 Of the 75 drugs entered 
into clinical trial during this period, 24 showed some evidence for clinical 
activity. One interpretation of these data is that the screen is highly predictive 
for clinical activity. Approximately 30% of drugs taken to clinical trial 
showed some evidence of activity. However, 74% of the drugs were active 
against lymphoma, and 35% were active against leukemia. Only minimal 
activity was observed against solid tumors, including those represented in the 
phase II portion of the screen. Indeed, analysis showed a poor correlation 
between preclinical in vivo and clinical activity in the same tumors. One must 
conclude that either animal model systems using transplantable tumors do not 
predict for clinical activity or that the P388 prescreen effectively selected 
against compounds specifically active in human solid tumors. The new in 
vitro human cell-line screen will be important in answering these questions, 
since the initial identification of activity is in a human solid tumor rather than 
a murine leukemia- lymphoma model system. 

A range of methods can be used to evaluate drug effect on tumors in animal 
models. Tumor size and tumor weight or volume changes are simple and 
easily reproducible parameters. Morphologic changes and alterations in 
tumor immunogenicity or invasiveness are other markers of response. — 

In addition, many specific assays have been developed for the measurement 
of treatment effects on tumors. This section will discuss some assays that can 
be used to judge tumor response. 

Excision Clonogenic Assay. 

This assay has been used widely as a method to assess what fraction of cells 
in a tumor population retain proliferative capability after being exposed to a 
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chemotherapeutic agent. This assay is based on the assumption that the 
proliferative or clonogenic potential of tumor cells reflects the in vivo 
tumorigenicity of the tumor stem cell— Thus, colony number is assumed to 
be proportionate to the number of viable cells. 

The assay itself is straightforward. Tumor-bearing animals are tested with the 
drug under evaluation. At 24 hours, the tumors are excised from treated and 
untreated animals. A cell suspension is prepared from every tumor. The 
proliferative capacity of the cells in each suspension is evaluated either by in 
vivo inoculation intravenously into test animals of a selected cell suspension 
dilution^ 2 ^ or by plating the cells in liquid or agar medium. If an 
animal model is used, a colony count is then performed in specific tissues at 
necroscopy. The lung, liver, and spleen are commonly used for this purpose. 
If the cells were plated in agar, a colony count is performed in the dish. 
Colony-forming efficiency (CE) of the inoculated cells is calculated to assess 
the efficacy of treatment in terms of cell survival, as follows: 

number of tumor colonies counted 

CE— — 1 

number of tumor cells plated 

The ratio of the CE treated to the CE control is called surviving fraction (SF): 

CE treated 

SF= 

CE control 

SF is the best parameter for expressing cell survival results from the 
excisional biopsy. ^ — This assay has the advantage of placing the treated 
and untreated tumors in identical environments. It is also able to select a 
resistant population of cells within the tumor at a low drug dose. In addition, 
excising the tumor 24 hours after exposing the animal to the cytotoxic agent 
allows giving doses up to the transplant range, which has important 
implications for the selection of agents for bone marrow 
transplantation. # top 

TD50 (End-Point Dilution Assay), 

ZD50^ is the tumor cell inoculum that produces tumor growth in 50% of 
inoculated animals or sites. It is a measurement of the number of cells 
required to produce tumors from inocula in vivo. The assay is based on the 
same principles as that of colony formation. A cell suspension is prepared 
from both treated and untreated animals, with ranges of dilutions for each 
tumor depending on the expected value of TD50. The suspension is 
inoculated into groups of test animals subcutaneously, intramuscularly, or 
intradermally for solid tumors and intraperitoneally or intravenously for 
leukemias. The percentage of tumor take versus cell number inoculated for 
each treatment is determined and compared to control animals to determine 
TD50.*tor 

Tumor Growth Delay Assay. 
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Cytotoxic treatment can slow tumor growth and delay disease progression. 

These effects are measured by the tumor growth delay assay.— Tumor delay 
by definition is the time required for the treated tumor to reach a specific size 
minus the time for the untreated tumor to reach that certain size. This assay 
involves a very simple technique, little equipment, and can be completed for 
many types of tumors before animals are lost to metastasis or disease 
progression. Unlike the survival time assay discussed later, this evaluation 
does not require death as an end point. 

The correlation between the growth delay and the amount of cell kill varies 
with the growth rate of the tumor.— Thus, when a treatment effect on tumors 
with different growth rates is assessed, a comparison of absolute growth 
delay between tumor models is misleading. Therefore, a specific growth 
delay (growth delay/doubling time of the tumor) reflects more accurately the 
differences in cell kill. Figure 42.3 illustrates the concept of specific growth 
delay, ♦top 

Survival Time Assay. 

Another parameter that can be used to assess the effect of a drug on a tumor 
in the animal model is the survival time. Survival time is an obvious end 
point since it combines the sum total of interactions between tumor, drug, and 
host. Since drug toxicity and tumor growth both have independent effects on 
survival, a judgment can be made about therapeutic index. However, this 
approach cannot directly assess cell kill or time-dependent cytotoxicity. 

The therapeutic efficacy can be assessed by determining the increase in 
survival as an effect of the escalating dose of the studied drug. As the dose of 
an active drug increases, the survival time increases because of increasing 
logarithmic tumor cell kill. Survival time reaches a maximum point as the 
toxic effect of the drug outweighs the therapeutic effect, and survival times 
diminish.— The maximum point of survival is called the optimal point (OP) 
or the maximum increase in lifespan (IL). The higher the OP, the better the 
given intervention's therapeutic efficacy. This model also helps in assessing 
the safety of certain drugs by measuring the therapeutic ratio (TR), i.e., the 
ratio between the optimal dose and the dose that leads to a specific increase in 
survival time (e.g., IL 20, IL 40, and so on). Therefore, in comparing drugs 
with the same maximum survival (optimal point), the higher the therapeutic 

ratio, the safer the drug.— 

A common use of survival to assess drug efficacy or increase in lifespan is 
the T/C percent ratio. This is defined as the ratio of the survival time of 
treated animals to the survival time of control, expressed as a percentage. 
This parameter has been used by the NCI for decision making, setting 
specific criteria of activity before further development is undertaken. A T/C 
of . 120 in the solid tumor panel has been used as the benchmark for clinical 
development (see Fig. 42.1 ). 42~44* top 

Animal Tumor Xenografts 
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Before the availability of athymic or nude mice, human tumors were 
xenografted in mice immunocompromised by irradiation, thymectomy, or 

steroids. — The first nude mice arose spontaneously in a closed (but not 
inbred) colony of albino mice in a virus laboratory in Ruchill Hospital, 

Glasgow, Scotland,— and were described by Isaacson and Cattanach as 
lacking fur. The first xenograft in nude mice was performed by Rygaard and 

Povlsen in 1969 using a human colon adenocarcinoma. — 

Flanagan initially described the genetic component of immunodeficiency in 
this important model. He found that the mutant gene (ww, for nude) is present 
on chromosome 1 1 as an autosomal recessive gene. — It is responsible for the 
absence of hair in addition to other abnormalities including retarded growth, 
low fertility, and short lifespan (100% mortality within 25 weeks of birth and 
45% mortality within 2 weeks of birth). 46 It was not until 1968 that 
Pantelouris noted that some of the nude mice lacked a thymus gland. These 
mice were found to have a homozygous mutation nu/nu, while both the 

phenotypically normal 1/1 and the heterozygous null had a thymus. — 
Immunologically, the nu/nu athymic mice have a small number of T cells that 
are residual after transplacental passage from heterozygous mothers. 

However, these T cells do not affect the rejection of tissue transplants (or 
other markers of T-cell function). — These animals preserve B-cell function 
— and exhibit a higher activity of natural killer cells.^52 xhese 
characteristics led to widespread use of nude mice in tissue transplantation 
and other areas of biomedical research, including their use in human 
tumor transplantation. 

The success of human tumor xenografting into the nude mice and the ability 
to maintain the histologic and biologic identity of tumors through successive 
passages in vivo revolutionized many aspects of cancer research, including 
drug development. — " — Transplantation of tumor cell lines into nude mice 
can be accomplished via multiple routes: subcutaneous, intraperitoneal,— 
intravenous, intracranial, — intrasplenic, renal subcapsular, or through a new 
orthotopic model by site-specific organ inoculation. Each site has specific 
advantages and limitations. 

Subcutaneous implantation is the predominant site for transplantation of 
human tumor into the nude mouse because of its simplicity and easy access to 
tumor. Indeed, it provides the mainstay for in vivo testing of the drug 

discovery and screening program of the NCI.— 

A tumor cell suspension is usually injected into the flank of the animal. 
Depending on the clonogenic potential of the tumor, between 106 and 107 
cells are required for successful engraftment. Tumors usually require between 
a few days to a few months to grow, depending on the growth rate of the cell 
line used. Many human tumor xenografts have been established to date, 
including those from most of the solid tumors affecting adults. Human colon 
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cancer and melanoma have been passaged for the longest time in vivo. Brain 
tumors have proven the most difficult to maintain.*^ 2 Approximately one- 
half of the brain tumor cell lines have been successfully xenografted into 

athymic mice.— 

Of interest, subcutaneous xenografts metastasize infrequently and seldom 
invade adjacent tissues. This may be because of the retention of some host 
defenses, especially natural killer cell activity. 52 ^ Thus, animal survival is 
not a feasible end point for assessing drug efficacy in nude mice, since large 
tumor burdens prior to death may be associated with discomfort. Instead, 
growth delay or clonogenic assay would be more appropriate in this model. 
However, it is possible to select primary tumors or to perturb the host defense 
mechanisms to develop models that are locally invasive or metastatic. 
Metastasis can be enhanced with the depletion of NK cells by pretreating the 

mice with cyclophosphamide, beta-estradiol, or other agents. ^ — 

Human tumor cells undergo kinetic changes after transplantation and passage 
in the nude mice. Most frequently, the transplanted tumor adapted to growth 
in animals has a shorter doubling time than the original tumor isolated from a 
patient. Growth rates increase further during subsequent passages. — The 
vascularity of the primary and transplanted tumor also differ, with 
transplanted tumors showing better blood supply and less necrosis. This 
difference could be due to selection of the most rapidly growing cells from a 
heterogeneous primary animal, secretion of paracrine growth factors (which 
induce neovascularization), or simply tumor size. 

Despite these changes in kinetics of invasive potential, the majority of the 
xenografted human tumors maintain the morphologic and biochemical 
characteristics of their original tumors. Therefore, it is expected that 
chemosensitivity would be similar in both the original and the xenografted 
human tumor, and that this correlation would predict for both active single 
agents and active drug combinations. In fact, excellent correlations can be 
made between average growth delay for human tumors in nude mice treated 
with the best available drug combinations and complete clinical response 
rates. — In increasing order of responsiveness, these correlations have been 
shown for human xenografts of non-small cell lung cancer, — colon cancer, 
— breast cancer,— and malignant melanoma. — 

Renal Subcapsular Assay (RSC). 

Unlike the subcutaneous xenograft assay, the renal subcapsular assay has a 
relatively short and constant period between tumor inoculation and the 
appearance of a grossly palpable mass. Tumors can usually be assessed in a 
period of 6 days. — Therefore, this model is particularly appropriate when a 
short-term in vivo assay is required. Cells are inoculated as a tumor fragment, 
usually 1 mm in size, under the kidney capsule of the nude mouse, as first 
described by Bogden and colleagues in 1978. — These tumors maintain true 
morphologic, functional, and growth characteristics of the original tumor 
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from which they were derived. — For example, they preserve cell-cell 
contact, maintain the spatial relationship of the tumor, and form a more 
representative model of human metastasis than the subcutaneous xenograft. 
Therefore, tumor response can be subsequently assessed by measuring tumor 
size (growth assay), colony formation by surviving cells (clonogenic assay), 

or simply animal survival. — " — 

While appealing in many ways, the RSC has limitations. The subcapsular 
area of the kidney is not a totally immunoprivileged site. When sectioned and 
examined microscopically, variable amounts of tumor mass represent 
invading lymphocytes. Thus, the immunogenicity of a given tumor in a 
given animal model is an important variable to control, and considerable 
controversy surrounds the use of this assay. — However, as will be discussed 
later, it might be an ideal orthotopic model for renal cell carcinoma (see 
below). top 

Intraperitoneal, Microencapsulated Tumor Assay 

Because of the limitations of the RSC and its specific poor adaptability to 
slow-growing tumors, — alternative short-term in vivo assays have been 
developed. One of the more interesting is the microencapsulated tumor assay, 
which depends on microencapsulation technology. Tumor cells are 
encapsulated in semipermeable gels that can be formed into microcapsules of 
from 0.05 to 1 mm. — These microcapsules can be inoculated into the 
peritoneal space of experimental animals. Under typical assay conditions 
using mice, approximately 600 microcapsules are injected into the 
peritoneum. The semipermeability of the capsule protects the tumor cells 
from host cell-mediated immune cytotoxicity, so that athymic (nude) mice 
need not be used. At the same time, it allows nutrients and systemic cytotoxic 
agents to diffuse and reach the tumor cells. Anticancer effect is assessed by 
recovering microcapsules and counting viable tumor cells in treated versus 

control animals ( Fig. 42.4) . — 

The microencapsulation assay is simple, rapid, and relatively inexpensive. 
For a given analysis, it requires fewer mice when compared to the 
subcutaneous transplanted tumor assay. — By definition, tumor cells are 
evaluated after exposure to drug concentrations that are obtainable in vivo. In 
addition, the system is adaptable to most solid tumors and, unlike the 
subcutaneous transplanted tumor assay, uses immunocompetent mice. For 
these reasons, the microencapsulated tumor assay is being evaluated by the 
NCI screening program as an in vivo second-line screen to follow initial drug 
leads that pass the in vitro screening system previously described. 

Orthotopic Xenograft Model 

In 1889, after analyzing autopsies from patients with metastatic breast cancer, 
Paget concluded that metastasis is not a random phenomenon. Rather, he 
concluded, the malignant cells have special affinity for growth in the 
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environment of certain organs, the familiar seed-and-soil hypothesis.— 
Certainly, there exist organ site-specific interactions that are essential for 

optimal growth and progression of cancer in vivo. — The orthotopic 
xenograft model is a system in which tumor cells are implanted at the site of 
the organ of origin. This organ-specific site presumably provides the tumor 
cells with an optimal environment for growth and progression. Because of its 
relevant expense and novelty, this model has as yet not been used widely by 
the NCI drug-screening program. However, it is being used extensively to 
explore its role as an in vivo evaluation model for cytotoxic agents specific 
for organ sites such as the lungs in lung cancer. 

Multiple tumor xenografts, including renal cell carcinoma, — pancreatic 
carcinoma, — certain brain tumors, — and prostate, colon, and (to a larger 
extent) lung cancer, have already been developed using nude mice ( Table 

42.2) .— All of these models are potentially amenable to orthotopic 
development. 

The lung tumor model is the predominant orthotopic model that has been 

explored by the NCI, — and application of other models is currently under 
way. In the case of lung cancer, tumor cells in suspension are inoculated 
through the right main stem bronchus into the right lung in a lightly 
anesthetized animal ( Fig. 42.5 ). Tumor response can be evaluated by 
sacrificing the animal and histologically quantifying tumor growth, or, as 
shown in Figure 42.6 . noninvasive chest x-rays may be sufficient to provide 
interim evaluation of tumor response. 

Another approach toward establishing a lung tumor orthotopic model is 

through percutaneous intrathoracic implantation ( Fig. 42.7) .— A 
disadvantage to this model is the finding that as many as 30% of the 
inoculated tumor grows outside the lung parenchyma, either in the pleural 
space or the chest wall. Tumor-related mortality from the intrabronchial 
model is higher than that of intrathoracic implantation. Both orthotopic 
approaches have a much higher tumor mortality than the subcutaneous model 

of the same tumor cell line.— The far greater aggressiveness of identical 
inoculates of lung cancer injected into the bronchus compared with 
subcutaneous injection is a reflection of Paget f s early observation on tumor 
cell tissue tropism and suggests that orthotopic models may reflect the 
clinical situation most closely. —4* top 

Hollow Fiber Technology. 

Recently, the NCI has incorporated semipermeable hollow-fiber assays into 
the in vivo phase of drug development. These hollow fibers allow tumor cells 
to grow in contact with each other, either in the log or stationary phases of 
cell growth (Plate 12, Fig. 42.8) . The permeability of the fibers can be 
selected to limit the molecular weight of drug, which can penetrate into the 
tumor mass. A practical advantage of this system is that more than one tumor 
type can be implanted into a single animal, allowing more information to be 
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obtained from a single in vivo experiment. In addition, the system may be 
adaptable to epithelial cells, in an attempt to screen for compounds that 
interfere with angioneogenesis. Because this is an in vivo system, the agent 
must be bioavailable to show activity, correcting for the variables of serum 
protein binding and drug metabolism. 

Another potential advantage of hollow-fiber technology is that it allows the 
successful maintenance of allogeneic and xenogeneic cells in 
immunocompetent hosts, thereby decreasing the costs associated with in vivo 
drug development considerably. 

As currently used in the NCI program, malignant cells derived from patients 
with breast, kidney, lung, ovary, colon, central nervous system (CNS), 
hematologic, and melanoma cancers are encapsulated in polyvinylidene 
fluoride hollow fibers, which exclude molecules with a molecular weight of 
500,000 or greater. The fibers are then implanted either subcutaneously or 
intraperitoneally, with each animal hosting six samples representing three 
tumor cell lines each, cultured both in the peritoneal and subcutaneous 
spaces. Already, this technique has shown promise with known active drugs, 
and hollow-fiber technology is increasingly being adapted to the in vivo 
phase of cancer drug development, ♦top 
© 2000 by BC Decker Inc 
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Abstract. The murine anti glioma monoclonal antibody 
8IC6 has been shown to specifically localize in U-251 MG 
and D-54 MG human glioma subcutaneous and intracranial 
athymic mouse xenografts expressing the human glioma- 
mesenchymal extracellular matrix glycoprotein GMEM. In 
paired-lahel studies 81C6 reached peak levels of localiza- 
tion in subcutaneous and intracranial xenografts in 24 to 48 
hours and persisted there for an additional 5 to 7 days 
before declining. The percent localized 81C6 in U-251 MG 
subcutaneous xenografts was tumor size dependent ranging 
from 29c in 200-300 mg tumors to 15% in I gram tumors. 
Subcutaneous xenografts of U-251 MG were readily 
radioimaged from 1 up to 6 days following administration 
of 13 1-1-8 1C6. The specificity of81C6 localization has also 
been demonstrated by tissue autoradiography, elution of 
radiolabeled 81C6 from tumor xenografts, and in vivo in- 
hibition of radiolabeled 81C6 localization by unlabeled 
81 C6. D-54 MG intracranial xenografts were permeable to 
8IC6 and control immunoglobulin but specific localization 
occurred only with 81C6. Radiolabeled 81C6 monoclonal 
antibody and U-251 MG and D-54 MG human glioma 
xenografts provide a useful operationally tumor specific 
monoclonal antibody tumor localization model for the 
examination of monoclonal antibody pharmacokinetics, 
radioimaging, radioimmunotherapy and combined modality 
therapy in intracranial human glioma xenografts. 

Human anaplastic gliomas have a very poor prognosis de- 
spite surgery and combined radiation and chemotherapy (1 , 
2). Immunologic approaches such as antibody mediated 
radioimaging and immunotherapy may offer the possibility 
of improvement in both diagnosis and treatment of human 
gliomas. 

Key Words: Monoclonal antibody, human glioma, xenograft, 
radioimaging. tumor localization. 
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Previous studies have demonstrated the potential of an- 
tibody radioimaging of human brain tumors (3, 4, 5, 6, 7). 
Nevertheless, major limitations of polyclonal and mono- 
clonal antibodies in brain tumor radioimaging have been 
limited availability of specific antibody, low levels of 
radiolabeled antibody in the tumor, and the need for sub- 
tractive imaging techniques (8, 9). 

In an effort to elucidate the pharmacokinetic and 
physiologic parameters involved in monoclonal antibody 
brain tumor localization we examined antiglioma monoc- 
lonal antibody 81C6 human glioma xenograft localization 
in U-251 MG and D-54 MG subcutaneous and intracranial 
human glioma xenografts in athymic mice. Monoclonal an- 
tibody 81C6 defines a distinctive human glioma associated 
extracellular matrix glycoprotein (GMEM) expressed by 
human anaplastic gliomas but not detected in normal hu- 
man brain (10). Monoclonal antibody 81C6 was chosen for 
these studies on the basis of its well characterized reac- 
tivity with the target antigen; high levels of target antigen 
expression in U-251 MG and D-54 MG xenografts; and 
stable target antigen expression in the extracellular matrix 
of the glioma xenografts. Although not human tumor 
specific, the GMEM determinant with which 81C6 reacts is 
species specific. The expression of GMEM in human 
glioma xenografts provides an operationally tumor specific 
antigenic determinant model for the examination of 81C6 
localization in human gliomas. 

Since our ultimate goal is to evaluate radioim- 
munotherapy of human glioma xenografts with 
radiolabeled 81C6 either alone or in combination with 
chemotherapeutic agents, we chose to examine 81C6 
localization in xenografts of the human glioma cell lines 
U-251 MG and D-54 MG. Both transplanted human glioma 
cell lines have stable growth characteristics in athymic 
mice (11) and have been used as sensitive human glioma 
treatment response models for radiation and chemotherapy 
studies (12). Radiolabeled 81C6 glioma xenograft locali- 
zation was first examined in subcutaneous tumors which 
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are permeable to drugs and antibody and subsequently in 
intracranial tumors which may have limited and 
heterogeneous permeability characteristics (13). 

We have demonstrated specific 81C6 localization in 
U-251 MG and D-54 MG human glioma subcutaneous 
xenografts in athymic mice and have successfully radioim- 
aged U-251 MG subcutaneous xenografts. In addition we 
have shown that D-54 MG intracranial xenografts are 
permeable to monoclonal antibody and control immuno- 
globulin and that specific localization of radiolabeled 81C6 
occurs in intracranial gliomas but not in other organs. 
Radiolabeled 81C6 administration to athymic mice bearing 
U-251 MG and D-54 MG gliomas should be useful for 
evaluation of radioimmunotherapy and combined modality 
therapy prior to human clinical investigation. 



Materials and Methods 

Cell Lines. Human and murine cell lines were cultured in Richter's zinc 
option minimal* essential medium with 10% fetal calf serum as previously 
described (14). Human cell lines U-251MG, D-54MG and 2T have been 
described (14, 15 ). 

Monoclonal Antibody. Monoclonal antibody 81C6 is an IgG2b purified 
from hybridoma culture supernatant using protein A-Sepharose 4B (16). 
The IgG2b myeloma immunoglobulin from 45.6TG1 .7 was purified by the 
same procedure. Immunoglobulin radiolabcling with 131 -iodine or 125- 
iodine (New England Nuclear) was performed by the chloramine T 
method (17). In paired-label experiments, both 81C6 and 45.6 control 
immunoglobulin were labeled to a specific activity of 2 to 4 uCi/pg 
protein. In radioimaging experiments 81C6 was labeled with 131 I to 
specific activities of 6.5 to 12.5 uCi/ug protein. 

Radiolabeled immunoglubin was chromatographed on a 10 ml 
Sephadex G-25 fine column to separate labeled immunoglobulin from 
free iodine and injected i.v. into the tail vein of recipient mice within 4 
hours of labeling. The radiolabe! in these preparations was 97 to 99% 
trichloroacetic acid precipitable. 

Human Tumor Xenografts. Human glioma cell lines U-25IMG and D- 
54MG subcutaneous tumors were passaged in nude mice as described 
(11). An appropriate volume (30-50ul) of tumor homogenate was im- 
planted subcutaneously in the right flank. The estimated tumor weight 
was determined twice weekly according to the formula [(short dimen- 
sion) 2 X (long dimension)]/2 (11). Intracranial tumor xenografts were 
prepared as previously described (12). Tumor tissue homogenates from 
D-54MG subcutaneous tumor xenografts in athymic mice were prepared 
in an equal volume of .1% methyl cellulose (Fluka, Switzerland) in 
minimum essential medium and 5 ul injected into the cranium over the 
right cerebral hemisphere at a depth of 4 mm. using a Hamilton syringe 
fitted with a 26 gauge needle and plastic depth gauge. Intracranial tumor 
size was estimated from measurements of intracranial tumors in cdditional 
animals xenografted for this purpose. 

Paired-Label Immunolocalization. 81C6 immunolocalization in human 
tumor bearing nude mice was determined by paired-label analysis (18). 
Mice bearing subcutaneous tumors between 200 to 300 mg were injected 
in the tail vein with a radiolabeled immunoglobulin preparation containing 
10-20 pCi/5 ug ,25 I-81C6 and 10-20 uCi/5 ug 13l l-45.6 or the reciprocal 
paired label combination. Athymic mice bearing 3 to 4 mm. diameter 
intracranial D-54MG tumors were injected in the tail vein with 10-20 
uCi/5ugof both 125-1 labeled 8 1C6 and 131-1 labeled45.6. Mice bearing 
intracranial xenografts were also injected via the tail vein with 200 pi 



Evan's blue (2%) one hour prior to being sacrificed. At each time point 3 
subcutaneous and 3 intracranial tumor bearing mice were anesthetized 
with melaphan and blood samples were obtained by cardiac puncture 
using heparinized syringes. Following death by anesthesia and whole 
body perfusion with isotonic saline containing 5% dextrose, tumors and 
normal tissues (heart, lung, liver, kidney, spleen, muscle, brain) from 
both subcutaneous and intracranial tumor bearing mice were taken for 
weighing and gamma counting. Brains from intracranial tumor bearing 
mice were dissected into right and left cerebral hemisphere and cerebel- 
lum-brain stem. Evan's blue staining areas were dissected out and counted 
following gamma counting of each brain area. The Levels of 131-iodine 
and 125-iodine in tissue samples were corrected for isotope decay and 
cross-over of 131-iodine counts in the 125-iodine counts. Dose standards 
were prepared at the beginning of each experiment. The localization 
index (LI), and tumor/tissue ratio were calculated as described by 
Moshakis et al (19). Subcutaneous and intracranial tumor 81C6 LI time 
course data were curve fitted by quadratic and linear squares regression 
analysis respectively. Plasma half-life data for 81 C6 and 45.6 were 
analyzed by linear regression analysis and analysis of covariance. 

Radioimaging. Mice bearing U-251MG tumor on the right flank were 
injected with 130-250 pCi/20Mg 13, I 8IC6 and 10 to 20 uCi./20 ug I25 I 
45.6 in the tail vein. Images were obtained daily for 3 to 6 days with a 
gamma camera using a pin hole collimator. The gamma camera imaged 
only the higher energy 13I I activity. All animals were positioned at the 
same distance from the collimator, in order to maintain the mice in posi- 
tion during image aquisition mice were anesthetized with metaphan. The 
image data was acquired on a dedicated computer in addition to the analog 
images. Subtraction techniques or other modification of the image were 
not employed to enhance the resulting localization image. Image data 
were used to compare the amount of radioactivity in the tumor to the 
amount in the whole body. 

Immunohistochemistry and Autoradiography. Peroxidase-antiperoxidase 
immunohistochemical staining of tissues was carried out as previously 
described with cold acetone (-20° C) fixed frozen tissue sections (20). 
Tissue autoradiography was performed using Kodak autoradiographic 
emulsion. Slides were stored at -70° C for 1 to 3 weeks before develop- 
ing. 



Results 

Radiolabeled IgG Characterization. Radiolabeled 81C6 
and 45.6 were characterized by gel chromatography on 
sephacryl S-300 and by cell surface radioimmunoassay 
(CS-RIA). Radiolabeled 81C6 eluted as a single peak on 
sephacryl S-300 in the position of IgG (Fig. la). Aggre- 
gates and low molecular weight breakdown products were 
not observed, indicating little or no structural damage to 
either immunoglobulin. A small free iodine peak was de- 
tected at the included volume. . Plasma samples from tumor 
bearing mice taken 4 hours and 3 days following injection 
with ,25 I-labeled 81C6 (Fig. lb, c) or 45.6 were also 
chromatographed on sephacryl S-300. The clution profile 
of radiolabeled protein in the plasma samples was indistin- 
guishable from that of the freshly labeled immunoglobulin. 

Radiolabeled 81C6 has also been shown to saturably 
bind target antigen, as determined in CS-RIA against the 
human glioma cell line U-251MG (Fig. 2). 

Paired-Label Analysis of 8IC6 Subcutaneous Tumor 
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Fig. |. Sephacryl S-300 gel chromatography of (A) radiolabeled HIC6 
preparation; (B) 4 hour plasma sample following i.v. injection and (C) 3 
day plasma sample. Samples were chromatographed on a 0.9 cm X 56 cm 
cult, mn using 0.05M THIS. 0. 15M NaCl. 3mM EDTA pH 8.0 elution buffer. 
Gel chromatography of unlabeled 81C6 and normal mouse plasma was 
monitored by A280 absorption \not shown). Arrows mark void and in- 
cluded volume. 




Atg MONOCLONAL ANTIBODY ADDED 

Fig. 2. Binding of radiolabeled 8 1 C6 (A) and 45.6 (O) to cell monolayers 
of U -25 1 MG in 96 well culture plates. Fifty pi samples containing ,2S /- 
SIC6and ™ l I-45.6 in HBSS, 0.59c BSA were incubated I hr at 37° C prior 
to washing and sample counting in a multichannel gamma counter. The 
l2s l counts are corrected for 13 V spill over. 
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Fig. 3. Plasma distribution oj radiolabeled 81C6 (O) and 45.6 (A) in 
subcutaneous V -25 IMG tumor bearing (A) and non-tumor bearing mice 
\B). Plasma values are normalized to the 4 hour time point and represent 
the mean ± standard deviation for 3 animals in each group . 



Localization. The specificity and levels of 81C6 localiza- 
tion in glioma xenografts in athymic mice was determined 
by paired-label analysis. To determine the time course of 
81C6 localization, mice bearing 150-200 mg U-251MG 
tumors were injected with m I-81C6 and 125 I-45.6 and 
blood and perfused tissue levels of each isotope analysed at 
2 minutes, 4 hours, day 1 to day 8. In a second 15 day time 
course experiment 12S I-81C6 and 131 I-45.6 were injected 
into mice bearing 200-350 mg U-251MG xenografts. The 
plasma half life of both radiolabeled 81C6 and 45.6 in 
normal and subcutaneous tumor bearing mice was found to 
be approximately 2.5 days (Fig. 3). The plasma half-lifes 
of 81C6 and 45.6 were indistinguishable (p < 0.001) in 
sequential bleeds. However within the first 24 hours initial 
plasma levels of 81C6 declined more rapidly than 45.6 
resulting in a small but significant difference (p < 0.01) in 
plasma levels for the two immunoglobulins (Fig. 3). 

Tumor 81C6 LI increased over the first 5 to 6 days 
before beginning to decline on day 8 (Fig. 4). The peak 
rumor LI averaged 9 while tissue LI remained at approxi- 
mately 1 at all time points (Fig. 4). Tumor/tissue ratios also 
increased over the first 4 to 6 days before declining in 
several tissues on day 8 (Table I). The percent injected 
81C6 per gram tumor closely paralleled the LI and 
tumor/tissue ratio data. After rising over the first 4 days the 
percent injected 81C6 per gram tissue peaked at 3.6 
±0.8% before declining to 1.72 ±0.5% on day 8. Com- 
parable results were obtained in the 15 day time course. At 
15 days the percent 81C6 in tumor xenografts was still 
nearly half the peak levels of 81C6. 

Utilizing the results of the paired-label time course ex- 
periment 81C6 localization was compared at a single time 
point (day 5) in nude mouse tumor xenografts (250-350 
mg) of U-251 MG and D-54MG. Specific localization was 
seen in U-251MG and D-54MG glioma xenografts. Within 
the human glioma xenografts 81C6 LI averaged 7 and 9.5 
in D-54MG and U-251MG tumors respectively (Table II). 
Normal tissue from mice bearing the U-251MG and D- 
54MG tumors had LI of 1 . 

The tumor to tissue ratio of 81C6 in the various normal 
organs of U-251MG and D-54MG tumor bearing mice 
ranged from 21 in heart to 235 in brain in U-251MG tumor 
bearing mice and from 15 in kidney to 107 in brain in 
D-54MG tumor bearing mice (Table II). In each group the 
tissue with the highest tumor to tissue ratio was brain. 
Nearly 5% of the initial injected dose localized in U- 
25 IMG tumors and 10% initial dose in D-54MG tumors. 
Control 45.6 immunoglobulin levels were 1.9% and 2.8% 
in U-251MG and D-54MG tumors respectively. 

Tissue Autoradiography. Tissue autoradiography was car- 
ried out to determine the histologic localization of 81C6 in 
U-251MG subcutaneous xenografts. Radiolabeled 81C6 
localized in the tumor extracellular stroma (Fig. 5a) but not 
in normal liver (Fig. 5b). The prominent 81C6 localization 
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Fig. 4. Paired-label analysis in U-251 MG glioma tumor bearing mice 
with xU l-SIC6 and 1 2S l-4 5 .6. HI C6 localization index (U) was calculated 
as the tissue specific to nonspecific cpm ratio in the tissue divided by the 
specific to nonspecific cpm ratio in blood. The U values are for S animals. 
The tumor U curve is a quadratic least squares regression fit [p < 0.04) of 
U values. 



in the extracellular stroma corresponds closely with the 
extracellular matrix distribution of antigen demonstrated by 
81C6 PAP staining of frozen tissue sections of U-251MG 
tumors (10). 

Elation of 81 C6 from V -25 IMG Subcutaneous Tumors. The 
majority of tissue bound radiolabel in U-251MG tumors 
localizing 125 i-81C6 represents intact immunoglobulin. 



Pooled U-251 MG tumor xenografts taken 5 days following 
injection of 125 1-81C6 in tumor bearing mice were re- 
peatedly washed and tissue bound radiolabel eluted with 
0.1M glycine buffer pH 3.0. The eluted counts were 98% 
trichloroacetic acid precipitable, and 89% of counts were 
precipitable in 50% saturated ammonium sulfate. The am- 
monium sulfate precipitate specifically bound to U-251MG 
cell monolayers but not negative control 2T monolayers 
and eluted as a single peak in the position of IgG on 
sephacryl S-200. 

Inhibition of Radiolabeled 81C6 Localization. In vivo 
binding of radiolabeled 81C6 in U-251MG and D-54MG 
subcutaneous xenografts could be inhibited by excess un- 
labeled 81C6. In mice bearing moderately sized U-251MG 
tumors (640 mg) and receiving 20 \ig 81C6, localization of 
radiolabeled 81C6 in the exenograft was inhibited 81% in 
animals receiving 1 mg unlabeled 81C6 2 hours prior to 
injection of radiolabeled antibody. Localization of 5ug 
radiolabeled 81C6 in 200 mg D-54MG xenografts in vivo 
was inhibited 76 % in animals receiving 1 mg 81C6 4 hours 
prior to injection of ,25 I-81C6. No inhibition of 
radiolabeled 81C6 was noted in either U-251MG or D- 
54MG tumors in animals receiving 1 mg unlabeled 45.6. 

Radioimaging of Human Glioma Xenografts. The potential 
of ,31 I-81C6 in radioimaging human glioma xenografts in 
nude mice was assessed in U-251MG subcutaneous 
xenografts. In initial experiments mice bearing U-251MG 
tumors (1016 mg ± 11) were injected with 200 u.Ci/20 ug 
l31 I-81C6 and 10 ixCi/20 ug 125 l-45.6. Images were ob- 
tained on days 1 to 3, Mice in groups of three were sac- 
rificed on each succeeding day and analysed as in paired- 
label studies above. The U -25 IMG tumors were readily 
imaged beginning at 17 hours (Fig. 6). By 41 hours the blood 
pool levels had declined significantly while 81C6 levels 
remained constant as reflected in nearly constant radiolabel 
counts within the tumor. In the three animals imaged on 
each of 3 days total body image counts declined 70% in 3 
days but tumor counts increased slightly over the same 



TABLE 1. 81C6 Tumor /Tissue Ratio* In U-251 MG Subcutaneous Xenografts. 



4 hr 



day 1 



day 2 



day 4 



day 6 



day 8 



Heart 

Lung 

Liver 

Kidney 

Spleen 

Brain 

Muscle 

Tumor 



3b 
5 
2 
3 
I 

27 
10 
1 



7 
5 
7 
6 
2 
22 
11 
I 



8 
8 
16 
9 
4 
48 
13 
I 



10 
13 
20 
12 

7 
37 
14 

1 



11 

8 

19 
11 

8 
52 
15 

1 



12 
11 
17 
9 
6 
30 
16 
1 



a: Tumor/Tissue ratio is 81C6 tumor cpm/mg h- 81C6 Tissue cpm/mg. 
b: Values are mean of 3 animals. 
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Fig. 5. Tissue autoradiographic distribution of in vivo localized ,2 7-#/C6~ in V -2 5 IMG subcutaneous xenografts {A) and liver tissues (B> processed five 
days following injection of {2S I-8IC6. HE stain; 400X. 



lime period in 2 of 3 animals and remained unchanged in 
one. The percent of total animal counts in the tumor rose 
from 22 ± 1% to 53 ± 3% over the 3 day time course while 
the percent of total counts within the tumor bearing mice 
exclusive of tumor declined from 78 ± 1% on day 1 to 46 
+ 2% on day 3. To access the levels of 81C6 in the imaged 
tumors over the 3 day time course additional animals were 
sacrificed on day 1 and 2 following imaging to determine 
percent injected dose and localization index in the tumors. 
Imaging resolution and count levels were comparable to 
(he group of three animals analysed for the entire 3 day 
time course. The percent injected dose for days 1 to 3 were 
10.5 ± 6.4, 15.6 ± 1.8, and 15.5 ± 1% respectively. The 
localization index for days 1 to 3 averaged 5, 10, and 13. 

In subsequent experiments tumors averaging 600 and 
300 mg were successfully imaged over a 6 day time course 



following injection of 20 ug 13 '1 labeled 81C6 and 20 ng 
trace labeled 125 I-45.6. The levels of radiolabeled 81C6 
were proportionally smaller in 600 and 300 mg tumors as 
determined by radioscintigraphy counts during the time 
course and by tissue gamma counting at the end of six days. 
The percent of total counts in the 600 mg group rose from 
7.5 ± 1.5% to 32.3 ± 6.4% over 6 days while in the 300 
mg tumor group the percent of daily total counts rose from 
2.2 + 0.5% to 12 ± 2.9% over the same time course. The 
percent injected 81C6 in 600 mg tumors after 6 days was 
6.2% and in 300 mg tumors after 6 days, 2.4%. 

Paired-Label Analysis of 81C6 Intracranial Tumor Locali- 
zation. Levels of 81C6 and 45.6 in intracranial tumor were 
determined over a 6 day time course following excision of 
in vivo Evans'blue staining areas of the brain. The resulting 



TABLE II. SIC6 Localization Index in Subcutaneous U-251 MG 
and D-54 MG Human Glioma Xenografts. 





Localization Index 3 


Tumor/Tissue Ratio* 


U-251 MG 


D-54MG 


U-251 MG 


D-54 MG 


Heart 


0.97 


1.0 


21.5 


15.7 


Lung 


0.91 


1.1 


23.2 


28.5 


liver 


0.79 


0.6 


98.0 


27.6 


Kidney 


1.04 


1.0 


46.7 


15.4 


Spleen 


0.86 


0.5 


25.2 


19.2 


Muscle 


1.0 


1.1 


49.5 


25.2 


Brain 


0.99 


1.0 


235.0 


106.6 


Tumor 


9.47 


7.05 


1.0 


1.0 



':Mean of five animals sacrificed on day 5 following i.v. injection of 
radiolabeled 81C6 and 45.6. 






17 h 



41 h 



Fig. 6. Radioimaging of U-251 MG xenografts in an athymic mouse was 
conducted on days I to 3 using a pin-hole collimator and computer image 
storage. Tumor bearing mice were injected with 2(H) pCi/20 pg l3x I-HlC6. 
Images shown are from a single V -25 IMG tumor bearing animal. 
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TABLE III: Tumor/Tissue Ratio of 8IC6 in Athymic Mice Bearing 
D-54 MG Intracranial Tumors. 
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Fig. 7. Localization index time-course in D-54MC intracranial xenografts 
and normal' tissues of tumor bearing mice. Mice were injected with 7.5 
fiCijS ug i2$ I-8IC6and 13 fiCi/5 pig 13, M5.6. Individual tumor localiza- 
tion index (O) and localization index linear regression curve (p < 0.0 1) 
(dashed line) are presented. 



localization indices show increased 81C6 localization in the 
excised tumor but not in remaining areas of left or right 
cerebral hemispheres (Fig. 7). Normal organs from tumor 
bearing mice did not localize 81C6. 

Specific localization of 81C6 within the D-54MG in- 
tracranial xenografts was first observed on day 1. The 
localization index continued to rise over the next 4 to 5 
days within the intracranial tumors. There was a linear 
increase in LI during the six day time course, similar to the 
rise in LI in subcutaneous xenografts; however, the range 
of LI in intracranial tumors (Fig. 7) was greater than ob- 
served in subcutaneous xenografts of D-54MG. 

The relative specific activity of 81C6 in the glioma 
xenografts, compared to normal organs expressed as the 
cpm/mg tumor to tissue ratio, rose over the first 48 hours 
following injection of radiolabeled 81C6 and remained 
elevated throughout the 6 day experiment (Table III). The 
persistence of 81C6 in the intracranial tumors is indicated 
by the net percent injected 81C6 dose per gram of tumor 
above control 45.6 levels, which for day 1 to 6 were 2, 3.6, 
3.1, 4.5, 8.1, and 5.4%, respectively. Normal organs had 
comparable levels of both 81C6 arid 45.6 which declined in 
the same manner as the plasma levels. 



Discussion 

In this study we have demonstrated that radiolabeled anti- 
glioma monoclonal antibody 81C6 specifically localizes in 
both subcutaneous and intracranial xenografts of the human 
glioma cell lines U-251 MG and D-54 MG in athymic mice; 
moreover, 131 I-81C6 can be used to image subcutaneous 
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19.0 




1.6 


13.5 


! 


1.4 


7.5 


) 


0.8 


7.5 




2.7 


16.0 


\ 


14.4 


12.5 


\ 


16.3 


34.5 




12,9 


122.5 


i 



xenografts. In the well characterized human glioma 
xenograft model (2) we have been able to establish several 
of the pharmacokinetic parameters of 81C6 localization in 
an operationally tumor antigen specific system. Using 
paired-label analysis (18) in time-course experiments we 
have shown that both subcutaneous and intracranial D-54 
MG xenografts are permeable to monoclonal antibody and 
have very similar localization kinetics. In both subcutane- 
ous and intracranial xenografts 81C6 levels increase over 
the first 24 to 48 hours where they persist for 5 to 7 days 
before beginning to decline. This is reflected not only in 
the percent injected 81C6 localized but also in the linear 
increase in LI and tumor: tissue ratios during time-course 
experiments. We have also shown that the localization of 
81C6 in tumor xenografts is the result of specific antigen 
binding. This has been demonstrated by the extracellular 
matrix distribution of radiolabeled 81C6 in xenograft 
autoradiographs following in vivo localization; this pattern 
corresponding to the extracellular matrix distribution of 
GMEM. In addition we have shown that a large majority of 
tissue bound radiolabel in subcutaneous xenografts has the 
properties of intact 81C6, and that radiolabeled 81C6 tumor 
localization can be specifically inhibited by unlabeled 
81C6 but not control 45.6 IgG2b immunoglobulin. 

The results presented here are important for several 
reasons. First we have extended the analysis of antiglioma 
monoclonal antibody localization from subcutaneous 
glioma xenografts to intracerebral glioma xenografts, al- 
lowing the assessment of monoclonal antibody tumor 
localization within the special environment of the in- 
tracerebral tumor. The intracranial xenograft phar- 
macokinetic factors of particular interest in brain tumor 
imaging and immunotherapy include permeability to im- 
munoglobulin (13) and levels of monoclonal antibody in 
the tumor and normal brain. In this study we have shown 
that D-54 MG intracranial xenografts are permeable to im- 
munoglobulin and that 81C6 localizes in the tumor but not 
normal brain. Although the D-54 MG intracranial xenograft 
is permeable to immunoglobulin other human glioma 
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Bearing xenografts may be less permeable. Capillary permeability 

studies in five intracranial tumor models resulted in widely 
varying permeability in each model to the small molecular 
weight permeability probe a-aminoisobutyric acid (13). 
These results underscore the need to assess monoclonal 
antibody tumor localization in both subcutaneous and in- 
tracranial xenografts. 

Second, the results demonstrate the potential of 131 I- 
labeled 81C6 for tumor imaging in subcutaneous glioma 
xenografts in athymic mice and point to the possibility of 
131 I-81C6 radioimaging in intracranial glioma xenografts in 
larger animals. The large tumor: brain ratios in intracranial 
xenografts would likely result in enhanced radioimaging of 
intracranial xenografts and perhaps allow for radioimaging 
of tumors prior to the 24 hours necessary in subcutaneous 
xenografts. It may also be possible to enhance tumor 
glioma radioimaging further by the use of radiolabeled F(ab> 

several fragments of 81 C6 as has been shown by Herlyrm al. (21) 

ation in in the radioimaging of human colon carcinoma xenografts 

Using with monoclonal antibody. 

;nts we Third, the results indicate that in both subcutaneous and 

il D-54 intracranial xenografts 81C6 has the property of persisting 

xly and over an extended period in the tumor xenograft, a charac- 

cutane- tcristic relevant to its use in immunotherapy as a carrier of 

5e over radiation or toxins (22). 

7 days Previous studies have demonstrated the potential of an- 

only in tibody radioimaging of human brain tumors. Immunolocali- 

: linear zation and radioimaging of brain tumors was examined by 

-course DiChiro et al. (23) in human subjects using radiolabeled 

ition of antifibrinogen antibodies prepared in rabbits. In this and 

antigen subsequent studies (3, 4) about 80% of primary and metas- 

:ellular j tatic brain tumors were detected. Day et al. (8) and 
nograft ■ Mahaley et al. (5) using radiolabeled affinity purified 
pattern I polyclonal antiglioma antibodies successfully localized an- 
tion of j tibody in 1 1 of 1 2 human gliomas. More recently Nelson et 
ority of | al (7) were able to image an adenocarcinoma brain metas- 
has the ! tasis using radiolabeled antibody to colon-specific-an- 
5 tumor tigen-p. Major limitations of polyclonal antibodies in brain 

labeled tumor radioimaging have been limited availability of 

specific antibody, low levels of radiolabeled antibody in 
several the tumor, and the need for subtractive image techniques 

glioma (8, 9). Modest results have also been obtained using a 

aneous murine monoclonal antibody to image a colorectal car- 

te, al- cinoma brain metastasis (6) and a human hybridoma im- 

tumor munoglobulin product to radioimage a recurrent glioma 

ihe in- (24). The low monoclonal antibody to background ratios in 

phar- the two studies make it unclear whether or not the 

tumor radiolabeled immunoglobulins used specifically localized 

to im- ! in the brain tumors, or offered any improvement over pre- 
>ody in vious brain tumor radioimaging methods using radioidi- 

shown nated serum albumin (R1SA) or 203 Hg-Neohydrin (25) 

: to im- which accumulate, as a result of partial blood-brain barrier 

but not disruption, in brain tumors. 

nograft The use of human glioma xenografts for examining anti- 

glioma glioma monoclonal antibody tumor localization has pro- 



vided a reproducible and reliable model for the examina- 
tion of tumor localization and tumor imaging in a controlled 
manner not possible in human subjects. The localization 
studies reported here demonstrate the specific and persis- 
tent localization of 81C6 in both subcutaneous and intracra- 
nial human glioma xenografts over time. We have also 
demonstrated the potential of radiolabeled 81C6 for 
radioimaging glioma xenografts in an operationally antigen 
specific system. These studies have also provided a basis 
for analysis of regional 81C6 tumor localization phar- 
macokinetics (R.G.B.), future radioimaging, im- 
munotherapy, and combined modality therapy studies. 
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patients with anaplastic glioma. Invest Radiol 1993;28:488- 
496. 

rationale and objectives. Monoclonal antibody 81C6 re- 
acts with the extracellular matrix antigen, tenascin, present on 
gliomas and other tumors, as well as several normal tissues, 
including spleen and liver tissue. Single photon emission com- 
puted tomography (SPECT) and I-123-labeled 81C6 at vari- 
ous protein doses were used to maximize tumor to normal 
tissue uptake ratios. 

methods. The distribution of I-123-Jabeled monoclonal an- 
tibody 81C6 was determined in 16 patients with recurrent glio- 
mas, using SPECT. Between 3.5 and 11.5 mCi of 1-123 were 
administered to each patient, and the antibody doses were 
between 10.0 and 100.0 mg. Blood was obtained for pharma- 
cokinetic studies, and patients were imaged 1 hour and 18 
hours after antibody administration. 

results. AH tumors were visualized readily on the SPECT 
study in areas that corresponded to the contrast, enhancing 
abnormalities on anatomic neuroimaging studies. The half-life 
in blood of the 1-123 81C6 ranged from 16 to 37 hours. Radi- 
ation dosimetry calculations suggest that it might be possible to 
administer more than 700 cGy to intracranial glioma with 
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1-131 labeled 81C6 under optimal conditions with acceptable 
non-neurologic organ radiation exposure. 

conclusions. SPECT imaging with 1-123 81C6 identified all 
tumors and suggests that, with this antibody, more favorable 
tumor-to-liver and tumor-to-spleen radiation dose ratios are 
obtained at higher protein doses. 

key words. Gliomas; monoclonal antibodies; radiation do- 
simetry. 

RADIOLABELED MONOCLONAL ANTIBODIES (MAbs) that 
have relative specificity for tumor tissue have been 
used to image and treat neoplasms in animals 1 and in peo- 
ple. 2,3 A variety of tumor types have been imaged and 
treated, including some gliomas. 4 Critical variables in the 
treatment of gliomas with radiolabeled MAbs include the 
specificity of the antibody and its access to the tumor. Be- 
cause the specificity and kinetics of MAbs vary, each MAb 
must be evaluated individually regarding these factors. 

81C6 is a murine MAb that reacts with an epitope of 
tenascin, an extracellular matrix antigen present on human 
glioma cell lines and primary human gliomas. 5 Preclinical 
studies with radiolabeled 81C6 have demonstrated selective 
accumulation 6 and therapeutic potential 1 in intracranial hu- 
man glioma xenograft models. Specific localization of 
1-131 labeled 81C6 in brain tumors has been demonstrated 
in patients with gliomas and other intracranial malignan- 
cies. 7 - 8 

These results suggest that 1-131 labeled 81C6 might be of 
potential use as a therapeutic agent in astrocytic neoplasms. 
However, a potential problem with using 81C6 MAb for 
radioimmunotherapy is that tenascin has been shown by 
immunohistochemistry also to be present on normal liver 
and spleen. 5 Planar imaging with I-13l-labeled 81C6 in 
glioma patients demonstrated accumulation of activity in 
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these organs; 7 however, quantitation of uptake in liver and 
spleen was not possible from these images. 

One approach for quantitating labeled MAb uptake in 
tissues of interest is single photon emission computed to- 
mography (SPECT). Recently, Leichner et al. 9 have shown 
that SPECT could be used to quantitate In- 1 1 1 -labeled MAb 
uptake in the livers of dogs with an accuracy compared to 
autopsy data of approximately 5%. In the current study, we 
have used SPECT to quantitate the uptake of M23-labeled 
81C6 in liver, spleen, and tumor for a range of MAb protein 
dose levels. Our results suggest that at higher protein doses, 
more favorable tumor-to-liver and tumor-to-spleen uptake 
ratios are obtained. 



Materials and Methods 



Patients 



Each patient enrolled in this study had clinical and radiographic 
evidence of recurrence of a previously biopsied and treated supra- 
tentorial anaplastic glioma. Each had received and failed radio- 
therapy and nitrosourea-based chemotherapy following surgery. 
Each patient signed an informed consent document that had been 
approved by the Institutional Review Board of Duke University. 
Patients received supersaturated potassium iodide (10 drops twice 
a day) and liothyronine sodium (Cytomel, SmithKline Beecham, 
Pittsburgh, PA) 75 to 100 mg per day for 3 days beginning at least 
1 day before the labeled MAb injection to block uptake of M23 
iodide by the thyroid gland. 

1 Monoclonal Antibody 81 C6 

Monoclonal antibody 81C6 is a murine IgG 2b antibody that is 
reactive with the extracellular matrix antigen tenascin, which is 
present in gliomas, but not in normal brain. 5 The MAb was har- 
vested from ascitic fluid from athymic mice and was purified from 
hybridoma culture supernatant using Protein A Sepharose 4B chro- 
matography (Pharmacia, Piscataway, NJ). The purified MAb was 
dialyzed against 50 mM phosphate buffered saline (pH 7.4), 
passed through a 22-(im filter, and stored at 4°C until needed. The 
MAb was documented to be free of bacterial and mycoplasma 
contamination by culture and assay in routine medium and free of 
murine viruses using guidelines suggested by the Food and Drug 
Administration. 

1 Antibody Labeling 

MAb 81C6 was labeled with 1-123 using a variation of the 
original Iodogen method. 10 Iodine- 123 was obtained from Nor- 
dion International (Kanata, Canada) in 0.1 M NaOH. To improve 
radioiodination efficiency, approximately 20 |xl of 100 u,g/ml so- 
dium iodide carrier was added. The I-123-labeled MAb was pu- 
rified by passage over a gas-sterilized, Sephadex G-25 column 
(Pharmacia, Psicataway, NJ). Protein-associated activity was de- 
termined by precipitation with trichloroacetic acid. The binding 
characteristics of each batch were determined in triplicate using a 
single-point homogenate assay at antigen excess. Approximately 
100 ng of labeled MAb was diluted with phosphate buffer con- 
taining 1% human serum albumin and incubated at 37°C for 1 hour 
with D-54 MG human glioma 5 , and normal rat liver homogenates. 
Specific binding was expressed as the percentage of M23 bound 
to tumor minus the percentage bound to liver. 



Blood Clearance Measurements 

Blood samples were obtained at 5, 15, and 30 minutes, and at 
1, 2, 4, 8, 18, 24, and 36 hours after MAb injection. Two- 
milliliter aliquots were counted for 1-123 activity using an auto- 
mated gamma counter and the percentage injected dose in the 
blood was calculated by comparison with standards prepared from 
the administered dose. In patients 10, 13, 14, and 16, the half-time 
of the fast component of blood clearance could not be calculated 
due to the lack of sufficient blood samples during the first hour 
after MAb injection. 

Human Anti-Mouse Antibody (HAM A) Procedure 

Monoclonal antibody 81C6 was diluted to a concentration of 2 
u,g/mL in 0. 1 M sodium carbonate buffer, pH 9.0, and 50 u,L was 
added per well to one half of a 96- well microliter plate. The other 
half of the plate was coated by adding 50 u.L per well of a 2 u,g/mL 
solution of human serum albumin (HSA) in 0. 1 M sodium bicar- 
bonate buffer. Plates were incubated overnight at 4°C. Plates were 
rinsed three times with 0.05% gelatin and 0.05% Brij 35 (Sigma, 
St. Louis, MO) in a 115-mM phosphate buffer (rinse buffer), pH 
7.4, and then blocked by filling wells with 0.1% gelatin in 115- 
mM phosphate buffer, pH 7.4. Seven log-2 dilutions were made of 
human sera in rinse buffer, and 50 \iL were added per well of 
undiluted serum and serum dilutions. Each serum dilution was run 
in triplicate on both the 81C6- and HSA-coated wells. As a pos- 
itive control, eight log-2 dilutions were made in rinse buffer from 
a stock solution of goat anti-mouse IgG (20 |xg/mL) (Sigma, St. 
Louis, MO). Triplicates of control dilutions were run on 81C6- 
and HSA-coated wells. Plates were incubated for 1 hour at room 
temperature and then rinsed eight times with rinse buffer. Fifty 
microliters of 2 u,gs/mL biotinylatcd 81C6 diluted in rinse buffer 
were added per well, and plates were incubated for 1 hour at room 
temperature. Plates were again rinsed eight times with rinse 
buffer, and 50 u,L of streptavidin-alkaline phosphatase (BRL cat. 
no. 9542SA, Gaithersburg, MD) diluted 1/2,000 in rinse buffer 
was added to each well. Plates were incubated for 1 hour at room 
temperature and then rinsed six times with rinse buffer and three 
times with 0.1 M Tris buffer, pH 8.0. After rinsing, 100 u,L of 
substrate were added per well. The substrate was 4 mg/mL paran- 
itrophenyl-phosphatase and 0.5 mM magnesium chloride in 10% 
diethanolamine buffer, pH 9.8. When color had developed the 
reaction was stopped by the addition of 50 \lL of 25 mM L-cys- 
teine. Plates were read in a model M-340 ELISA plate reader 
(Flow Laboratories, McLean, VA) at 405 nM. Binding ratios were 
calculated by the following formula: 



Binding Ratio = 



Mean 81C6-coated triplicates 
Mean HSA-coated triplicates 



SPECT Imaging 

Imaging of the brain and abdomen was performed 1 hour and 18 
hours after radiolabeled antibody administration using either a 
dual-camera SPECT system (7 patients) or a triple-camera 11-14 
(Triad-Trionix Research Laboratory, Twinsburg, Ohio) device (9 
patients). The dual-camera SPECT system consisted of two large- 
field-of-view (LFOV) gamma cameras mounted on a rotatable 
gantry, a Concurrent Computer Corporation 3220 computer 
(Ocean Port, NJ), and a microprocessor-controlled display station. 
This research system was replaced during the course of this study 
with the Triad device, which consists of three rectangularly shaped 
scintillation cameras spaced at 120-degrce intervals from each 
other. Digital corrections were provided for energy, linearity, 
flood uniformity, and X-Y offsets between the three heads. The 
data processing system used was a SUN 3/260 (Sun, Mountain- 
view, CA) computer equipped with a 20 MFLOP Mercury 
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.tine point array processor (Mercury, Lowell, MA). This 
£?£!« is 50% more sensitive than the earlier dual-camera 

^'acquisition and reconstruction protocols were similar for 
ASPECT Stems. High resolution parallel-hole coll.ma .on 
usedfor all patient studies. Reconstructed spatial resoluuon 
aPproxTmately 12.0 mm for the brain images and approxi- 
^roZforimagesof the abdomen. Attenuauoncom^ 
ion was Derformed using a first-order Chang method. io 
rea se sScal noise, a generalized Hann filter having j. , «* 
frequency equal to 0.75 times the Nyquist frequency and av- 
S or 3 shces in the axial direction was used. Compensate 
regional sen tiviry variations (using an 80-100 m.lhon count 
age 8 oTa sLt source) and eenter-of-ro«ation cal.brat.on were 
•formed before each study. Calibration .mages (in air and m a 
-cm-diameter water-filled cylinder) of a small synnge coma n- 
Tknown concentration of 1-123 were performed before the 
ue^t imlging studies. A multiplicative Chang attenuate cor- 
Z iSed to the scan of the syringe placed in the water- 
ed cylinder using a value of 0.12 cm"' for «he effect.ve atten- 
tion coefficient. No additional compensate for scatter was 
Zmcd Regions-of-interest (ROls) were drawn around the 
JcTimaees of the syringe using an interactive thresholdmg 
-MLrSsttd to a«*pt 5% or greater of the peak counts^ 
SS£: Eown ^vi«y in the syringe, these results were used 
convert ROI counts obtained from the SPECT pauent .mages to 
S estimates. 17 Volumes were determined by summing the 
2 of pixels encompassing the organ of interest. For the pa- 
Z «udies the ROls also were determined using an m eract ve 
m^rimil" to that used for the in vitro calibration 

sTribution were acquired throughout th.s mvest.ga tion^ These 
udLs were used to validate the quantitative protocols further and 
ensure mauhe SPECT devices had not changed the.r imaging 
laracteristics. 

nalysis of Tissue Samples 

Patient 15 underwent a second resection of tumor appro^rnately 
B hours after injection of 100.0 mg (10 mCi) of ^23-labeled 

cHfter adequate tissue was obtained for diagnosis, the re- 
minder was divided into 20 samples of approximately equal size. 
Tbtply saTp.es were blotted: placed in tared vials^ con« 

0 ml of formalin, weighed, and then counted for 1-122 acttv.*. 
Comparison to injection standards permitted calculate of the 
eSnjected dose of 1-123 per gram of nssue. After wamng 3 
SXw te 1-123 to decay, the biopsy samples were sub- 
£d * conventional histologic analysis to estimate the touonal 
■olumc of tumor in each piece of tissue. Samples 1 through 3 
onSed 98% to 100% normal brain tissue, so the average upuke 
n Se tissues was used to correct for the presence of normal 
>rain in some of the other samples. 
Radiation Dosimetry 

The absorbed radiation dose to tumor, liver and spleen that 
vould result from a hypothetical therapeutic dose of 100 mO 
i-131-labeled 81C6 was estimated. It was assumed that the dau 

bied from these studies of patients who received d.agnostic- 
tevel doses of I- 1 23-labeled MAb were the same as 
Lid be obtained with the 1-131 therapy dose. Us.ng uie , mediods 
described in the SPECT imaging section, average u.O/ml values 
were calculated for each tissue at each imaging time. _ After cor- 
recring for decay of 1-123, the biologic clearance half-time was 
Sulateo. Blood clearance data were used to estimate whok body 
do* Because the half-life of 1-131 is 193 hours the ; effective 
half- fife for the hypothetical dose of 1-131 labeled MAb was cal- 



„.ut,A « t /Ineffective) = l/T(biologic) + 1/193 hour 1 . Using 
^ "JffiKS ^ 1131, the standard MIRD approach 
was then used to estimate the radiation absorbed dose to these 

18 



tissues. 1 



Results 



Patients 

Sixteen patients (10 men, 6 women) were enrolled in this 
protocol (Table 1). Their ages ranged from 36 to 71 years. 
The original histologic diagnoses were glioblastoma multi- 
form in 9, gliosarcoma in 3, and anaplastic astrocytoma 
in 4. 

Antibody Administration 

The administered antibody dose was 10.0 mg in 2 pa- 
tients, 20.0 mg in 7 patients, 50.0 mg in 5 patients, and 
100.0 mg in 2 patients. The dose of 1-123 ranged from 3.5 
to 1 1 5 mCi; however, only 3 patients received less than 7.5 
mCi all of whom received 20.0 mg of 81C6. The specific 
binding ranged from 20% to 79%; however only in 1 pa- 
tient (patient 8) was the specific binding less than 50%. Ine 
protein-associated radioactivity of labeled antibody prepa- 
rations exceeded 95% in all instances. 
Blood Clearance 

In 12 patients, a sufficient number of early blood samples 
was obtained to determine a first component Tl/2; it ranged 
from 0 3 to 3.0 hours and represented 23% to 65% of the 
total dose (Table 2). There was a tendency for the first 
component Tl/2 to lengthen with increasing dose of anti- 
body with mean values of 0.5 hours with 10.0 mg 81C6 
administered, 1.0 hour with 20.0 mg administered, and 19 
hours with 50.0 mg administered. In all 16 patients, the 



TABLE 1. Patient and Labeled Antibody Characteristics 



Patient no. 
(age, sex) 

I (64.M) 
2(71,F) 

3 (58,M) 

4 (54,M) 

5 (53.M) 

6 (45.F) 

7 (36,M) 
8(61,F) 
9 (33.M) 

10(42,M) 

II (59, M) 
12(48,M) 
13(44,F) 
14(40,F) 
15(59,F) 
16(39,M) 



Diagnosis 



GBM 

GBM 

GBM 

GBM 

GS 

AA 

AA 

GBM 

GS 

GBM 

GBM 

GS 

AA 

GBM 

GBM 

AA 



81 C6 


M23 


Specific 


dose 


dose 


binding 


(mg) 


(mCi) 


(%r 


10 


9.8 


74 


10 


10.0 


59 


20 


4.0 


58 


20 


7.5 


65 


20 


3.5 


60 


20 


4.4 


70 


20 


8.0 


51 


20 


9.7 


20 


20 


9.3 


75 


50 


8.0 


70 


50 


9.0 


57 


50 


7.4 


60 


50 


7.5 


74 


50 


10.0 


79 


100 


11.5 


67 


100 


10.0 


63 



TCA 
<%)t 



99 
98 
98 
99 
100 
100 
98 
97 
98 
99 
98 
98 
96 
99 
99 
98 



TCA* trichloroacetic acid. GBM: glioblastoma multiforme; GS: 
with TCA. 
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floating point array processor (Mercury, Lowell, MA). This 
SPECT device is 50% more sensitive than the earlier dual-camera 
device. 

The acquisition and reconstruction protocols were similar for 
both SPECT systems. High resolution parallel-hole collimation 
was used for all patient studies. Reconstructed spatial resolution 
was approximately 12.0 mm for the brain images and approxi- 
mately 16.0 mm for images of the abdomen. Attenuation compen- 
sation was performed using a first-order Chang method. 1 ' * To 
decrease statistical noise, a generalized Hann filter having a cut- 
off frequency equal to 0.75 times the Nyquist frequency and av- 
eraging 2 or 3 slices in the axial direction was used. Compensation 
for regional sensitivity variations (using an 80-100 million count 
image of a sheet source) and center-of-rotation calibration were 
performed before each study. Calibration images (in air and in a 
22-cm-diameter water-filled cylinder) of a small syringe contain- 
ing a known concentration of 1-123 were performed before the 
patient imaging studies. A multiplicative Chang attenuation cor- 
rection was applied to the scan of the syringe placed in the water- 
filled cylinder using a value of 0.12 cm" 1 for the effective atten- 
uation coefficient. No additional compensation for scatter was 
performed. Regions-of-interest (ROIs) were drawn around the 
SPECT images of the syringe using an interactive thresholding 
technique adjusted to accept 5% or greater of the peak counts. 
Based on the known activity in the syringe, these results were used 
to convert ROI counts obtained from the SPECT patient images to 
activity estimates. 17 Volumes were determined by summing the 
number of pixels encompassing the organ of interest. For the pa- 
tient studies, the ROIs also were determined using an interactive 
thresholding method similar to that used for the in vitro calibration 
scans. Experimentally acquired phantom studies of known activity 
distribution were acquired throughout this investigation. These 
studies were used to validate the quantitative protocols further and 
to ensure that the SPECT devices had not changed their imaging 
characteristics. 

Analysis of Tissue Samples 

Patient 1 5 underwent a second resection of tumor approximately 
48 hours after injection of 100.0 mg (10 mCi) of I-123^1abeled 
81C6. After adequate tissue was obtained for diagnosis, the re- 
mainder was divided into 20 samples of approximately equal size. 
The biopsy samples were blotted, placed in tared vials containing 
1.0 ml of formalin, weighed, and then counted for 1-123 activity. 
Comparison to injection standards permitted calculation of the 
percent injected dose of 1-123 per gram of tissue. After waiting 3 
days to allow the 1-123 to decay, the biopsy samples were sub- 
jected to conventional histologic analysis to estimate the fractional 
volume of tumor in each piece of tissue. Samples 1 through 3 
contained 98% to 100% normal brain tissue, so the average uptake 
in these tissues was used to correct for the presence of normal 
brain in some of the other samples. 
Radiation Dosimetry 

The absorbed radiation dose to tumor, liver, and spleen that 
would result from a hypothetical therapeutic dose of 100 mCi 
I-131-labeled 81C6 was estimated. It was assumed that the data 
obtained from these studies of patients who received diagnostic- 
level doses of I-123-labeled MAb were the same as the studies that 
would be obtained with the 1-131 therapy dose. Using the methods 
described in the SPECT imaging section, average u-Ci/ml values 
were calculated for each tissue at each imaging time. After cor- 
recting for decay of 1-123, the biologic clearance half-time was 
calculated. Blood clearance data were used to estimate whole body 
dose. Because the half-life of M31 is 193 hours, the effective 
half-life for the hypothetical dose of 1-131 labeled MAb was cal- 



culated as Ineffective) = l/T(biologic) + 1/193 hour' 1 . Using 
the "S" values tabulated for 1-131, the standard MIRD approach 
was then used to estimate the radiation absorbed dose to these 



tissues. 1 



Patient r 



Results 



Patients 

Sixteen patients (10 men, 6 women) were enrolled in this 
protocol (Table 1). Their ages ranged from 36 to 71 years. 
The original histologic diagnoses were glioblastoma multi- 
form in 9, gliosarcoma in 3, and anaplastic astrocytoma 
in 4. 

Antibody Administration 

The administered antibody dose was 10.0 mg in 2 pa- 
tients, 20.0 mg in 7 patients, 50.0 mg in 5 patients, and 
100.0 mg in 2 patients. The dose of 1-123 ranged from 3.5 
to 1 1 .5 mCi; however, only 3 patients received less than 7.5 
mCi, all of whom received 20.0 mg of 81C6. The specific 
binding ranged from 20% to 79%; however, only in 1 pa- 
tient (patient 8) was the specific binding less than 50%. The 
protein-associated radioactivity of labeled antibody prepa- 
rations exceeded 95% in all instances. 
Blood Clearance 

In 12 patients, a sufficient number of early blood samples 
was obtained to determine a first component T 1/2; it ranged 
from 0.3 to 3.0 hours and represented 23% to 65% of the 
total dose (Table 2). There was a tendency for the first 
component Tl/2 to lengthen with increasing dose of anti- 
body with mean values of 0.5 hours with 10.0 mg 81C6 
administered, 1 .0 hour with 20.0 mg administered, and 1 .9 
hours with 50.0 mg administered. In all 16 patients, the 

TABLE 1. Patient and Labeled Antibody Characteristics 



Patient no. 
(age.sex) 



1 (64,M) 
2(71.F) 

3 (58.M) 

4 (54.M) 

5 (53.M) 
6(45,F) 
7 (36,M) 
8(61,F) 
9 (33.M) 

10(42,M) 
11 (59,M) 
12(48,M) 
13(44,F) 
14(40,F) 
15(59,F) 
16(39,M) 



TCA: trichloroacetic acid. GBM: glioblastoma multiforme; GS: 
gliosarcoma; AA: anaplastic astrocytoma. 

•Percentage bound to D-54 MG glioma homogenate minus 
percentage bound to rat liver in vitro (see methods). 

fProtein-associated radioactivity determined by precipitation 
with TCA. 
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TABLE 2. Blood Clearance of l>123 Activity in Patients Injected with l-123~Labe!ed 81 C6 



Patient number 



1 
2 

3 
4 
5 
6 
7 
8 



10 
11 
12 
13 
14 

15 
16 



Dose (mg) 



10 
10 

Mean (range) 

20 
20 
20 
20 
20 
20 
20 

Mean (range) 

50 
50 
50 
50 
50 

Mean (range) 

100 
100 
Mean (range) 



First component 



T1/2 (hr) 



Second component 



0.3 
0.6 

0.5 (0.3-0.6) 

2.3 
0.5 
1.7 
1.3 
0.6 
0.5 
0.3 

1.0 (0.3-2.3) 
* 

0.8 
3.0 



1.9 (0.8-3.0) 
3.0 



(%) 
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3.0 



52 
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33 
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42 
33 
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24 
24 
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16 6 
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17.2 
25.8 
34.5 
28.9 
24.6 
26.2 (17.2-34.5) 

37.2 
23.0 
30.1 (23.0-37.2) 



(%) 
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41 
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35 
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Tl/2 of the second component ranged from 16.6 to 37.2 
hours, which represented between 41% and 77% of the total 
dose in those 12 patients who had sufficient early time 
points. Again, there was a tendency for the duration of the 
second component to increase with increasing dose of an- 
tibody. The mean values were 22.4, 25.7, 26.2, and 30.1 
hours in patients receiving 10.0, 20.0, 50.0, and 100.0 mg 
of 81C6, respectively. 

HAMA Analysis 

HAMA titers with a normal volunteer negative control 
serum and a positive goat antibody control were performed 
on all 16 patients as a prerequisite for study eligibility. 
None of the 16 patients had pre-study HAMA titer greater 
than the control serum binding ratios, and all were consid- 
ered negative. Fourteen of the 16 patients had serum avail- 
able for HAMA analysis after antibody administration. 
However, because these were recurrent glioma patients, 
most near the end of their life span, only 4 of the 14 patients 
had available post-study serum more than 23 days after 
administration of 81C6. Two of the 4 patients developed 
significant HAMA titers, although one was only twofold 
higher than background and then only at 217 days after 
administration. Two patients, both of whom were tested on 
multiple occasions, did not develop HAMA titers greater 
than background control serum levels. 

Imaging 

The area of tumor as indicated by computed tomography 
and/or magnetic resonance imaging was well-visualized by 
SPECT scanning in the 16 patients injected with 1-123- 



labeled 81C6 MAb. Contrast between tumor and normal 
brain regions was higher in the 18-hour images compared 
with the 1-hour images; however, all lesions were clearly 
delineated at both times. Transaxial SPECT images of the 
brain of patient 12, obtained 1 hour and 18 hours after the 
injection of 7.4 mCi and 50.0 mg of I-123-labeled 81C6, 
are shown in Figure 1. Uptake of 1-123 activity in the liver 
and spleen was seen in all patients at 1 hour and 18 hours. 
Figure 2 illustrates anterior and posterior planar and SPECT 
images of patient 4 obtained 18 hours after the injection of 
7.5 mCi and 20.0 mg of M23 81C6 MAb. 

Tumor Uptake by SPECT 

Uptake of 1-123 in the tumor (percent ID/g tissue) was 
determined at 1 hour and 18 hours after injection in all 
patients, except that 1- hour images were not obtained in the 
two patients who received 10.0 mg 81C6 and in one patient 
who received 50.0 mg 81C6 (Table 3). The mean tumor 
uptake increased between 1 hour and 18 hours at all anti- 
body doses, although tumor uptake did not increase in all 13 
patients scanned at both time points. There was a tendency 
for the percent ID/g to increase with increasing doses of 
antibody (3.0 X 10~ 3 % at 20.0 mg, 3.7 x 10 _3 % at 50.0 
mg, and 5.0 x 10" 3 % at 100.0 mg) at the 1-hour image. 
The uptake was also higher at the 18-hour image in the two 
highest antibody doses (6.3 x KT 3 % at 50.0 mg and 5.3 
x 10 " 3 % at 100.0 mg) than in the two lowest antibody 
doses (2.5 x 10" 3 % at 10.0 mg and 3.4 x 10" 3 % at 20.0 
mg). However, there was considerable variability, and the 
numbers were small, so none of these differences was sta- 
tistically significant. The tumor: brain ratio was also gen- 
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Fig. 1. Contrast-en- 
hanced CT (left) and 
SPECT images (right) of 
patient 12 obtained 1 (up- 
per) and 18 hours (lower) 
after intravenous admin- 
istration of 1-123 81 C6. 



erally higher at 18 hours than at 1 hour after antibody in- 
jection. Mean values ranged from 1.7 (50.0 mg and 100.0 
mg at 1 hour) to 3.2 (50.0 mg at 18 hours). 

Tumor Uptake by Tissue Analysis 

In patient 15, who underwent surgery 48 hours after an- 
tibody administration, the resected tissue was separated into 
20 samples. The percentage of tumor, normal brain, and 
necrosis was estimated microscopically in each of the sam- 
ples (Table 4). Two samples contained no tumor, and one 
sample was estimated to contain 2% tumor. The amount of 
radioactivity in these samples was used to correct the other 
17 samples for normal brain radioactivity levels, permitting 
an estimate of the tumor uptake (percent ID/g tissue) in 
these samples. The percent ID/g of "normal brain" (sam- 
ples 1-3) ranged from 7.3 to 9.4 X 10" 4 %, and in the 17 
tumor samples it ranged from 1.2 x 10" 3 % to 9.9 x 
10~ 3 %. The highest uptake (> 7.0 x 10" 3 %) was found in 
those areas with at least 50% radionecrosis histologically. 
The tumor uptake determined by SPECT imaging in this 
patient was 5.1 x 10" 3 % ID/g. 

Dosimetry 

From the 1-123 SPECT imaging data, an estimate of the 
radiation dose that would be delivered to tumor, liver, and 
spleen from a hypothetical 100 mCi dose of l-131-labeled 
antibody was determined (Table 5). The mean estimated 
tumor dose ranged from 300 cGy in the 2 patients who 
received 10.0 mg 81C6 to 755 cGy in the 5 patients who 
received 50.0 mg. Whole body radiation absorbed dose, 
estimated from activity in the blood pool, also appeared to 
increase with increasing protein dose. In contrast, the dose 
to liver and spleen, normal organs known to contain tena- 



scin, tended to decrease with increasing protein dose of 
MAb. 

Discussion 

Although anaplastic gliomas are highly refractory to cur- 
rent therapy, survival is prolonged with the use of external 
beam radiotherapy. Median survival was increased from 16 
weeks to 37 weeks when 5,000 to 6,000 cGy was added to 
surgery in an early Brain Tumor Study Group (BTSG) ran- 
domized study. 19 There is also evidence of a dose-response 
relationship for external beam radiotherapy in the treatment 
of cerebral anaplastic gliomas in adults, 20 and brain stem 
tumors in children appear to be treated more effectively 
with higher total doses of radiation. 21 However, the effi- 
cacy of radiotherapy for anaplastic gliomas is limited by 
normal tissue tolerance, with the result that maximum tol- 
erated doses of cranial radiotherapy generally do not cure 
anaplastic gliomas. 

An antibody that is relatively specific for glioma tissue 
could be used as a carrier for therapeutic doses of radiation 
and could provide higher doses of radiation to tumor tissue 
with relative sparing of normal brain. The therapeutic use of 
radiolabeled MAbs has been demonstrated in other tumor 
types, 22 ' 23 and more recently, in patients with malignant 
astrocytomas. 24 The therapeutic use of radiolabeled anti- 
bodies in gliomas is conceptually similar to the use of lo- 
calized radiotherapy in the form of radioactive pellets or 
focused radiation, but the use of antibodies offers the po- 
tential advantages of greater specificity for glioma tissue 
and greater distribution into infiltrating tumor. Unlike con- 
ventional brachy therapy, antibody-delivered radiation ther- 
apy would be affected not only by the physical parameters 
of the therapeutic radionuclide, but also by the kinetics and 
heterogeneity of localization of the antibody. 
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Fig. 1. Contrast-en- 
hanced CT (left) and 
SPECT images (right) of 
patient 12 obtained 1 (up- 
per) and 18 hours (lower) 
after intravenous admin- 
istration of 1-123 81 C6. 



erally higher at 18 hours than at 1 hour after antibody in- 
jection. Mean values ranged from 1.7 (50.0 mg and 100.0 
mg at 1 hour) to 3.2 (50.0 mg at 18 hours). 

Tumor Uptake by Tissue Analysis 

In patient 15, who underwent surgery 48 hours after an- 
tibody administration, the resected tissue was separated into 
20 samples. The percentage of tumor, normal brain, and 
necrosis was estimated microscopically in each of the sam- 
ples (Table 4). Two samples contained no tumor, and one 
sample was estimated to contain 2% tumor. The amount of 
radioactivity in these samples was used to correct the other 
17 samples for normal brain radioactivity levels, permitting 
an estimate of the tumor uptake (percent ID/g tissue) in 
these samples. The percent ID/g of "normal brain" (sam- 
ples 1-3) ranged from 7.3 to 9.4 x 10 _4 %, and in the 17 
tumor samples it ranged from 1.2 x 10~ 3 % to 9.9 x 
10~ 3 %. The highest uptake (> 7.0 x 10~ 3 %) was found in 
those areas with at least 50% radionecrosis histologically. 
The tumor uptake determined by SPECT imaging in this 
patient was 5.1 x 10~ 3 % ID/g. 

Dosimetry 

From the 1-123 SPECT imaging data, an estimate of the 
radiation dose that would be delivered to tumor, liver, and 
spleen from a hypothetical 100 mCi dose of 1-131 -labeled 
antibody was determined (Table 5). The mean estimated 
tumor dose ranged from 300 cGy in the 2 patients who 
received 10.0 mg 81C6 to 755 cGy in the 5 patients who 
received 50.0 mg. Whole body radiation absorbed dose, 
estimated from activity in the blood pool, also appeared to 
increase with increasing protein dose. In contrast, the dose 
to liver and spleen, normal organs known to contain tena- 



scin, tended to decrease with increasing protein dose of 
MAb. 

Discussion 

Although anaplastic gliomas are highly refractory to cur- 
rent therapy, survival is prolonged with the use of external 
beam radiotherapy. Median survival was increased from 16 
weeks to 37 weeks when 5,000 to 6,000 cGy was added to 
surgery in an early Brain Tumor Study Group (BTSG) ran- 
domized study. 19 There is also evidence of a dose-response 
relationship for external beam radiotherapy in the treatment 
of cerebral anaplastic gliomas in adults, 20 and brain stem 
tumors in children appear to be treated more effectively 
with higher total doses of radiation. 21 However, the effi- 
cacy of radiotherapy for anaplastic gliomas is limited by 
normal tissue tolerance, with the result that maximum tol- 
erated doses of cranial radiotherapy generally do not cure 
anaplastic gliomas. 

An antibody that is relatively specific for glioma tissue 
could be used as a carrier for therapeutic doses of radiation 
and could provide higher doses of radiation to tumor tissue 
with relative sparing of normal brain. The therapeutic use of 
radiolabeled MAbs has been demonstrated in other tumor 
types, 22 23 and more recently, in patients with malignant 
astrocytomas. 24 The therapeutic use of radiolabeled anti- 
bodies in gliomas is conceptually similar to the use of lo- 
calized radiotherapy in the form of radioactive pellets or 
focused radiation, but the use of antibodies offers the po- 
tential advantages of greater specificity for glioma tissue 
and greater distribution into infiltrating tumor. Unlike con- 
ventional brachy therapy, antibody-delivered radiation ther- 
apy would be affected not only by the physical parameters 
of the therapeutic radionuclide, but also by the kinetics and 
heterogeneity of localization of the antibody. 
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Fig. 2A-2C. Anterior (A) and posterior (B) planar images and 
coronal SPECT images (C) of the abdomen of patient 4. The 
images were obtained 18 hours after administration of 1-123 
81C6. The SPECT images are 1 2.8-mm thick slices from anterior- 
to-posterior through the abdomen. The images demonstrate ac- 
cumulation of the antibody in the liver, spleen, and bone mar- 
row. 
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81C6, a murine MAb derived from a human glioma cell 
line, reacts with tenascin, an extracellular matrix antigen. 
This antibody reacts with a high percentage of human ana- 
plastic glioma tissue sections by immunoperoxidase stain- 



ing with a predominantly extracellular localization. 5 ' 25 
When injected intravenously into athymic mice bearing a 
subcutaneous human glioma xenograft, peak localization of 
81C6 radioiodinated using conventional methods occurred 



TABLE 3. Tumor Uptake and Tumor to Normal Brain Ratios for l-123-Labeled 81 C6 as Determined by SPECT Imaging 





Tumor uptake* (%ID/g) 


Tumor: brain ratio* 


Dose of 81 C6 (mg) 


1 hour 


18 hours 


1 hour 


18 hours 


10 (n = 2) 
20 (n = 7) 

50 (n = 4 for 1 hour, 
n = 5 for 18 hours) 
100 (n - 2) 


t 

3.0 x 10~ 3 (2.2-5.9) 

37 x 10 ~ 3 (2.5-5.4) 
5.0 x 10 " 3 (4.4-5.5) 


2.5 x 10~ 3 (1.7-3.3) 
3.4 x 10" 3 (1.8-5.7) 

6.3 x 10- 3 (3,8-10.4) 
5.3 x 10~ 3 (5.1-5.5) 


t 

1.8 (1.0-2.3) 

1.7 (1.4-2.3) 
1.7 (1.6-1.8) 


2.1 (1.7-2.6) 
2.4 (1.0-4.7) 

3.2 (2.3-4.6) 
2.7 (2.2-3.2) 



'Reported as mean (range). 
tPatients not scanned. 
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Fig. 2A-2C. Anterior (A) and posterior (B) planar images and 
coronal SPECT images (C) of the abdomen of patient 4. The 
images were obtained 18 hours after administration of 1-123 
81 C6. The SPECT images are 12.8-mm thick slices from anterior- 
to-posterior through the abdomen. The images demonstrate ac- 
cumulation of the antibody in the liver, spleen, and bone mar- 
row. 
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81C6, a murine MAb derived from a human glioma cell 
line, reacts* with tenascin, an extracellular matrix antigen. 
This antibody reacts with a high percentage of human ana- 
plastic glioma tissue sections by immunoperoxidase stain- 



ing with a predominantly extracellular localization. 5,25 
When injected intravenously into athymic mice bearing a 
subcutaneous human glioma xenograft, peak localization of 
81C6 radioiodinated using conventional methods occurred 



TABLE 3. Tumor Uptake and Tumor to Normal Brain Ratios for l-123-Labeled 81C6 as Determined by SPECT Imaging 





Tumor uptake* (%ID/g) 


Tumor: brain ratio* 


Dose of 81 C6 (mg) 


1 hour 


18 hours 


1 hour 


18 hours 


10 (n = 2) 
20 (n = 7) 

50 (n = 4 for 1 hour, 
n = 5 for 18 hours) 
100 (n = 2) 


t 

3.0 x 10" 3 (2.2-5.9) 

3.7 x 10" 3 (2.5-5.4) 
5.0 x 10" 3 (4.4 -5.5) 


2.5 x 10" 3 (1.7-3.3) 
3.4 x 10" 3 (1.8-5.7) 

6.3 x 10~ 3 (3.&-1 0.4) 
5.3 x 10" 3 (5.1-5.5) 


t 

1.8 (1.0-2.3) 

1.7(1.4-2.3) 
1.7(1.6-1.8) 


2.1 (1.7-2.6) 
2.4(1.0-4.7) 

3.2 (2.3-4.6) 
2.7 (2.2-3.2) 



•Reported as mean (range). 
fPatients not scanned. 
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TABLE 4. Uptake of 1-123 in Resected Tissue after Injection of 
100 mg l-123-labeled 81C6 (Patient 15) 



Microscopic evaluation 



Sample* % tumor 



% normal 
brain 



% necrosis 



Tissue 
uptake 
(%ID/g) 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 



0 
0 
2 
20 
20 
30 
80 
85 
90 
90 
90 
95 
95 
95 
95 
50 
50 
50 
50 
10 



100 
100 
98 
80 
80 
70 
20 
15 
10 
10 
10 
5 
5 
5 
0 
0 
0 
0 
0 
0 



0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
5 
50 
50 
50 
50 
90 



9.4 x 

9.0 x 
7.3 
2.6 
1.2 
3.0 
2.8 
2.1 
6.7 
1.8 

1.6 x 
2.9 x 

2.1 x 

2.0 x 

5.1 x 
9.9 x 

8.5 x 
7.4 x 

7.2 x 

5.7 x 



10" 4 
10" 4 
10~ 4 
1<T 3 

itr 3 

10~ 3 
10~ 3 
10" 3 
10~ 3 
10- 3 
10" 3 

10- 3 

1CT 3 
1(T 3 
10" 3 
10~ 3 
10' 3 
10" 3 
1CT 3 
1CT 3 



'Samples 4 through 20 reflect tumor uptake. Samples 4 
through 14 are corrected for the presence of normal brain using 
the average value from samples 1 through 3 as normal brain 
uptake level. 

at 48 to 72 hours and was as high as 15% of the injected 
dose per gram of tumor. 26 The localization index (ratio of 
specific to control 45.6 antibody in tumor, normalized to 
blood activity) ranged between 6 and 15, compared with a 
ratio of approximately 1 in normal tissues. With a more 
stable radioiodination method, a peak tumor accumulation 
of 25% injected dose per gram was observed at 24 hr with 
a localization index of approximately 30:1 at 5 days. 27 
81C6 labeled with 1-131 has been used in athymic rats to 
image these tumors at sizes as small as 20.0 mg, long before 
M31 labeled control antibody 45.6 localized sufficiently to 
allow successful imaging. 6 The epitopes to which 45.6 my- 
eloma lgG 2b binds are undefined; however, there has been 
no evidence that 45.6 murine IgG 2b reacts specifically with 
any human or murine tissues. 1 ' 5 ' 6,28 The behavior of 45.6 
MAb as an imaging agent would therefore be expected to be 
similar to that of albumin except for the difference in mo- 
lecular size between the IgG molecule and albumin and any 
differences in plasma half-life. Thus, the higher localization 
of 81C6 compared with 45.6 indicates not only a relative 

TABLE 5. Projected Dosimetry of 300 mCi of l-131-Labeled 
81 C6 Monoclonal Antibody 



81 C6 dose (mg) 


Radiation absorbed dose (cGy) 


Tumor 


Liver 


Spleen 


Whole body 


10 


900 


6,000 


5,991 


39 


20 


1,224 


1,710 


2,514 


57 


50 


2,265 


1,266 


1,944 


77 


100 


1,905 


1,461 


1,533 


86 



specificity in vitro of 81C6 MAb for glioma tissue, but also 
the potential for achieving specific localization of this MAb 
in vivo. 

The kinetics of 81C6 in blood have been investigated in 
nonhuman primates after intravenous administration and in 
glioma patients after intravenous and intracarotid adminis- 
tration. 7 ' 8 In macaque monkeys, intravenously administered 
I-123-labeled 81C6 had a serum half-life of 9.5 ± 0.7 
hours (M. Zalutsky and D. Bigner, unpublished data, Oc- 
tober 1987). In three patients with gliomas in whom 1-131- 
labeled 81C6 (5.0-20.0 mg) was administered into the in- 
ternal carotid artery, the half-time of the blood clearance 
ranged from 24 to 36 hours with similar half-times observed 
for 1-125 labeled 81C6 co-administered intravenously. 8 No 
adverse reactions to the antibody administration were ob- 
served in either clinical study. 

In this series of 16 patients with recurrent anaplastic glio- 
mas, the amount of administered radioactivity was kept 
constant at approximately 10 mCi after using approximately 
5 mCi in the first 3 patients, as requested by the Food and 
Drug Administration. The amount of antibody administered 
was increased from 10.0 to 100.0 mg during the study. 
There was a tendency for the blood clearance to decrease 
with increasing antibody dose, but no statistically signifi- 
cant differences were obtained. The first component Tl/2 
ranged from 0.3 to 3.0 hours in the 12 patients in whom it 
could be determined, and the second component Tl/2 
ranged from 16.6 to 37.2 hours in all 16 patients. These 
results are comparable to those observed previously in pa- 
tients following intra-arterial or intravenous administration 
of 81C6 MAb. 7 ' 8 

The number of postoperative sera available for testing for 
HAMA titers was not sufficient to draw general conclu- 
sions. Glioma patients in general, and especially those who 
have received chemotherapy and radiotherapy treatment, 
are often immunosuppressed. It is therefore not surprising 
that 2 of the 4 evaluated patients developed no HAMA 
response. Future studies will be necessary to address the 
capacity of glioma patients to form HAMA responses to 
murine MAbs such as 81C6. 

The central objective of this study was to use SPECT to 
investigate whether varying the protein dose of 81C6 would 
result in more favorable tumor to normal tissue dose ratios. 
Previous studies using immunohistochemistry have docu- 
mented reactivity of 81C6 with tenascin present in normal 
liver, spleen, and kidney. 5,28 However, accessibility of la- 
beled 81C6 to antigen in these tissues in vivo would be 
required for specific, antigen-mediated uptake to occur. We 
hoped that if specific uptake of 81C6 in normal tissues was 
observed, that increasing the amount of protein adminis- 
tered could saturate this uptake without compromising tu- 
mor localization. The average tumor uptake (percent ID/g 
tissue) determined by SPECT was higher at 18 hours than at 
1 hour for the 20.0-, 50.0-, and 100.0-mg antibody doses 
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(the two patients who received 10.0 mg were not scanned at 
1 hour). The mean tumor uptake also increased with the 
50.0- and 100.0-rng antibody dose administered compared 
with the 10.0-mg administered dose on both the I -hour and 
the 18-hour images. The highest tumor uptake in an indi- 
vidual patient was 10.4 x 10~ 3 % in patient 13 at 18 hours. 
In the seven patients who received at least 50.0 mg of 
antibody 1-123 activity levels, the uptake always exceeded 
3.8 x 10" 3 %. The tumor: normal brain ratio at 18 hours in 
these seven patients always exceeded 2.2. The accumula- 
tion of the antibody probably increases for 72 hours or more 
in humans, as it did in animals, but the half-life of the 1-123 
did not permit imaging at later time points. The tissue up- 
take in the patient who had surgery 48 hours after antibody 
administration demonstrated similar uptake compared with 
the quantitative SPECT imaging. All areas with at least 
10% tumor histologically had at least 1.2 x 10~ 3 % ID/g 
tissue. In areas with at least 90% tumor, the range was 1.6 
to 6.7 x 10~ 3 %ID/g. 

In these patients, SPECT imaging was used to demon- 
strate MAb protein dose dependent uptake in liver of ap- 
proximately 25% to 50% and in spleen of 2% to 8%. In 
contrast, in mice injected with radioiodinated 81C6, uptake 
in liver was only approximately 1% to 2% ID and in spleen, 
an order of magnitude less. 27 The presence of tenascin in 
the normal human liver and spleen, but absent in the mouse, 
is the likely cause of these observed differences and illus- 
trates the limitations of using tissue distribution data ob- 
tained in the mouse to estimate dosimetry for patients. 

Decreasing uptake in liver and spleen with increasing 
protein dose of 81C6 most likely reflects the saturation of 
available antigen in these tissues. As a consequence, a 
greater amounf of 81C6 is expected to remain in circulation 
with increasing protein dose and the blood clearance data 
suggest that this is indeed the case. The increased uptake of 
81C6 at higher protein doses presumably reflects decreased 
competition for antigen-mediated binding in normal tissues 
and the prolonged availability of antibody in the blood pool. 

Using the SPECT data from these 16 patients, it was 
possible to estimate the radiation absorbed dose to tumor 
and various other organs assuming a treatment dose of 100 
mCi of I-131-labeled 81C6 and various protein amounts 
(Table 5). The relative radiation absorbed dose to tumor 
compared with the liver and spleen increased with increas- 
ing antibody dose. At 100.0 mg of antibody, approximately 
635 cGy would be delivered to tumor with 487 and 51 1 cGy 
to liver and spleen, respectively. Since these radiation doses 
are less than tolerance doses to liver and spleen, it may be 
possible to further increase the dose of antibody or isotope. 
Clearly, 635 cGy is not an adequate dose for therapeutic 
anti-tumor efficacy. Nevertheless, the higher doses that 
might be achieved with larger amounts of administered 
1-131 may supplement conventional external beam radio- 
therapy without the increased risk to normal brain that ex- 



ternal beam doses would produce when increased beyond 
current levels. Because of the steep dose response curve of 
radiation relative to tumor cell kill, the ability to give a total 
tumor dose of approximately 8,000 cGy (6,000 cGy exter- 
nal beam plus 1,905 cGy from 300 mCi, 1-131 81C6 for 
example), could be significant. 

An additional observation from this study is the disagree- 
ment in the in vivo imaging results and predicted localiza- 
tion from the immunohistochemical analyses of normal or- 
gans. Immunohistochemistry was strongly positive for 
kidney and spleen; 5 and, in addition, kidney produces abun- 
dant tenascin mRNA of both tenascin isoforms. 28 Never- 
theless, kidney uptake of 1-123 was not observed in patients 
receiving 81C6 MAb, suggesting that immunohistochemis- 
try is not always predictive of in vivo localization pattern. 

These findings have led us to seek several alternate strat- 
egies for using radiolabeled anti-tenascin MAbs in the treat- 
ment of patients with gliomas. The first is to identify gene- 
spliced variants of tenascin present on tumor but not normal 
tissues. Further, the use of an unlabeled dose of 81C6 to 
block liver and spleen uptake before administration of a 
therapeutic dose of I-131-labeled 81C6 might improve tu- 
mor to liver and spleen radiation absorbed dose ratios. Liver 
and spleen uptake of 81C6 could also be minimized by 
restricting its use to tumors accessible by regional delivery. 
Clinical trials using I-131-labeled 81C6 administered di- 
rectly into cystic gliomas and intrathecally to patients with 
neoplastic meningitis are underway at our institution and 
preliminary results have been encouraging. 
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Announcements 

7th Annual Symposium on Breast Disease: Diagnostic Imaging and Current Management, July 11-13. 1993, Grand Traverse Resort 
Village, Grand Traverse Resort, Michigan. Sponsored by the Department of Radiology, the University of Michigan Medical School. 
Credit 15: Category I AMA hours. Contact: Vivian Woods, Towsley Center for Continuing Medical Education, Department of Post- 
graduate Medicine and Health Care Professions, University of Michigan Medical School, P.O. Box 1157, Ann Arbor, MI 48106-1157. 
call 313-763-1400. 

Contemporary Diagnostic Imaging, July 12-16, 1993, The Hilton Resort Hotel, Anchorage, Alaska. Sponsored by the Stanford 
University Medical Center, Department of Radiology. Credit: TBA. Fee: TBA. Contact: Dawne Ryals, Ryals and Associates, PO Box 
1925, Roswell, GA 30077-1925; call 404-641-9773, or fax 404-552-9859. 

Body Imaging in Alaska, July 12-14, 1993, The Anchorage Hilton, Anchorage, Alaska. Sponsored by the Stanford University Medical 
Center, Department of Radiology. Credit: 22.5 Category I AMA hours. Fee: Stanford Alumni $450; Physicians $500, (after June 28) 
$550; Resident, Fellow, and Technologist $300 (after June 28) $350. Contact: Dawne Ryals, Ryals and Associates, P.O. Box 1925, 
Roswell, GA 30077-1925; call 404-641-9773, fax 404-552-9859. 

National Neuroradiology and Pediatric Radiology Review Course: 1993 A Comprehensive Tutorial, July 25-30, 1993, The 
Ritz-Carlton Resort Hotel Laguna Niguel, California. Sponsored by the Stanford University Medical Center, Department of Radiology. 
Credit: Combined Course— 48.0, Pediatrics 24.0, Neuro 32.0 Category I AMA hours. Fee: Physician— Combined Course $895, Pediatric 
$495, Neuro $595; Resident, Fellow, and Technologist— Combined course $595, Pediatric $295, Neuro $395. Contact: Dawne Ryals, 
Ryals and Associates, P.O. Box 1925, Roswell, GA 30077-1925; call 404-641-9773, fax 404-552-9859. 

Breast Imaging and Intervention Into the 21st Century, July 26-30, 1993, The Broadmoor Resort Hotel, Colorado Springs, Colorado. 
Sponsored by the Radiology Imaging Associates. Credit: Complete Course— Physicians, $30.75. Nurses, 31.00 Category 1 AMA hours. 
Fee: Physician— Complete Course $695, Morning Sessions $595; Resident, Fellow, and Technologist— Complete Course $500, Morning 
Sessions $400; Non-Physician Afternoon $200. Contact: Dawne Ryals, Ryals and Associates, P.O. Box 1925, Roswell, GA 30077-1925; 
call 404-641-9773, fax 404-552-9859. 
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(CANCER RESEARCH 49, 2807-2813, May 15. 19891 

Pharmacokinetics and Tumor Localization of ,31 I-Labeled Anti-Tenascin 
Monoclonal Antibody 81C6 in Patients with Gliomas and Other 
Intracranial Malignancies 1 

Michael R. Zalutsky, 2 Robin P. Moseley, Hugh B. Coakham, R. Edward Coleman, and Darell D. Bigner 

, ... ,., o o r r-i p»,kMAa»lM It 7 DDE) and the Preuss Laboratory for Brain Tumor Research (D. D. B.J. Duke University Medical 
277%^ JSTS^ *» <eurosur g eV, FrencHay Hospital, Bristol, En g lana> [R. P. M., H. B. CJ 

after administration of 123 l-labeled F(ab) 2 fragments and 131 1- 
labeled intact antibodies have shown increased levels of radio- 
activity corresponding to regions of glioma as determined by 
computed tomography (7-1 1). 

One MAb of interest for radioimmunodiagnosis and therapy 
is 81C6, an IgG 2 b immunoglobulin which reacts with an epitope 
of the extracellular matrix antigen tenascin, found in human 
glioma cell lines, glioma xenografts in athymic rodents, primary 
human gliomas, but not in normal adult or fetal brain (12). The 
potential utility of radioiodinated 81C6 MAb for the diagnosis 
and treatment of gliomas has been documented in several 
preclinical studies. Paired-label studies in intracranial and s.c. 
human glioma xenograft models have shown that tumor uptake 
of radioiodinated 81C6 is specific and permits the gamma 
camera imaging of intracranial xenografts as small as 20 mg 
(13, 14). In the intracranial model, paired-injection protocols 
were used to demonstrate that intracarotid administration in- 
creased tumor delivery of radioiodinated 81C6 by 20% oyer 
i.v.-injected MAb (15). With regard to its therapeutic potential, 
treatment with ,3, l-labeled 81C6 has resulted in significant 
tumor growth delay and regression (16) in athymic mice bearing 
s.c. D-54 MG human glioma xenografts and in prolongation of 
median survival for athymic rats bearing intracranial tumors 
(17). Lack of response after treatment with l3, I-labeled control 
MAb demonstrated the specificity of these therapeutic effects. 

The pharmacokinetics of 131 Mabeled MAb antibody 81C6 
have been evaluated in patients with gliomas and other intra- 
cerebral malignancies. Using paired-label protocols (18), we 
have demonstrated that uptake of radioiodinated 81C6 in intra- 
cerebral tumors is significantly higher than coadministered 
isotype-matched control MAb. In addition, although the mag- 
nitude of tumor uptake of radioactivity is low, it does occur at 
levels comparable to those reported for other MAbs in extra- 
cranial lesions. 



ABSTRACT 

We previously have reported that radioiodinated anti-tenasein mono- 
clonal antibody 81C6 exhibits therapeutic potential against both s.c. and 
intracranial human glioma xenografts in athymic mice and rats. Herein 
ve report the selective tumor localization of l3l I-labeled 81C6 in patients 
with gliomas and other intracranial malignancies. Nine patients were 
simultaneously administered 5-50 mg of ,3I Mabeled 81C6 and 1-2 mg 
of ,25 I-labeled 45.6, an isotype-matched control monoclonal antibody. 
The blood clearance half-time for 81C6, normalized to that of 45.6 in the 
same patient, appeared to decrease with 81C6 protein dose. Gamma 
camera images obtained at 1 to 3 days exhibited increased uptake of 1 1 
in regions corresponding to tumor with varying degrees of contrast to 
surrounding normal brain. Biopsy specimens of tumor and normal brain 
were obtained and analyzed histologically for tumor content. The average 
uptake of 81C6 in tumor ranged from 0.6 to 4.3 x 10' 3 % of the injected 
dose per gram. In patients receiving 20-50 mg of 81C6, the average 
tumor-to-normal-brain ratio was 25:1 with ratios as high as 200:1 seen 
in some samples. Localization indices were calculated by normalizing the 
uptake of 81C6 per gram tumor to the uptake of 81C6 per gram blood 
and dividing by the same ratio for 45.6 control monoclonal antibody. 
Localization indices for muscle and brain were about 1, in contrast to up 
lo five for tumor. These studies demonstrate that the tumor uptake of 
,3l l-labeled 81 C6 in patients with gliomas and other intracranial malig- 
nancies is due to specific processes. 

INTRODUCTION 

The management of patients with gliomas and other intra- 
cranial malignancies is an extremely frustrating problem for 
the clinician. Current approaches to the treatment of these 
tumors are largely ineffective. Even multimodality regimens 
including surgery, external beam radiotherapy, and chemother- 
apy have extended the median survival of patients with malig- 
nant glioma by only a few weeks (1). While a multiplicity of 
factors contribute to the lack of effective therapeutic measures 
for primary and metastatic brain tumors, a central limiting 
factor is the nonspecific nature of these therapies which results 
in dose-limiting toxicity to normal brain tissue. 

The potential for exploiting antibodies to deliver diagnostic 
and therapeutic radionuclides selectively to brain tumors was 
first explored by Day and coworkers (2) using polyclonal rabbit 
antisera. More recent studies have demonstrated that radiola- 
beled MAb 3 directed against human glioma-associated antigens 
can localize specifically in s.c. and intracranial human glioma 
xenografts in animals (3-6). The feasibility of utilizing radio- 
labeled MAbs for selectively delineating and treating gliomas 
has also been investigated in patients. Brain scans obtained 
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MATERIALS AND METHODS 

Monoclonal Antibodies. Monoclonal antibody 81C6 and a control 
antibody of the same IgG* isotype, 45.6 (produced by the myeloma 
cell line 45.6TG1.7), were harvested from the ascitic fluid of athymic 
mice carrying intraperitoneal 81C6 or 45.6 hybridoma. MAbs were 
purified from hybridoma culture supernatant using Protein A Sepharose 
4B. Immunohistological analyses have shown that MAb 45.6 does not 
display specific antigen-mediated binding to normal human tissues (1 2). 
Purified MAbs were dialyzed against 0.05 m phosphate buffered saline 
(pH 7.4), passed through a 0.22- M m filter (Millipore) and stored at 4'C 
until used. The purity of each batch of MAb was examined by high- 
pressure liquid chromatography and sodium dodecyi sulfate-polyacryl- 
amide gel electrophoresis. The MAbs were proven free of bacterial and 
viral contamination by culture in routine medium and murine antibody 
production testing in accordance with the guidelines suggested by the 
Food and Drug Administration. 

Radioiodination of MAbs. MAbs 8IC6 and 45.6 were labeled with 
and ,25 I (Amersham), respectively, using the stationary-phase chlor- 
amide, Iodogen (Pierce Chemical Co.) (19). Radioiodinated MAbs were 
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separated from free ,3, I and ,25 I by passage through a gas-sterilized, 10- 
ml Sephadex G-25 column. The binding characteristics of radioiodi- 
nated 81C6 and 45.6 were analyzed in an immunoreactivity assay 
performed at antigen excess. Between 50 and 100 ng of each labeled 
MAb was incubated overnight in triplicate with 300 mg of both D-54 
MG human glioma tumor homogenate and normal rat liver homoge- 
nate in 1 ml 0.15 M phosphate buffer containing \% bovine serum 
albumin. The amount of 81 C6 bound to rat liver after washing was 
considered to represent nonspecific binding and was subtracted from 
the percentage 81C6 bound to tumor in order to calculate the specific 
binding of l31 l-labeled 81C6. Specific binding also could be calculated 
by subtracting the percentage 45.6 bound to tumor from the percentage 
81C6 bound to the same homogenate. For all the preparations of ,3, 1- 
labeled 81C6 and ,25 Mabeled 45.6 used in these studies, greater than 
97% of the radioiodinc activity was precipitable in trichloroacetic acid. 
The absence of aggregates in the labeled MAb was demonstrated by 
chromatography over a 1 .6 x 60 cm Sephacryl S300 gel (Pharmacia), 
which showed a single peak with a retention time corresponding to that 
of intact IgG. 

Patients. Permission for this study was obtained from the Ethical 
Committee of Frenchay Hospital. Each patient, along with a close 
relative, gave informed written consent. Nine patients with clinically 
presumed, malignant glioma were entered into this study. As shown in 
Table 1, the histological diagnoses, based on the evaluation of tumor 
samples obtained at craniotomy, revealed that six patients had glio- 
blastoma multiforme, and one each had an oligodendroglioma, an 
anaplastic astrocytoma, and a metastatic adenocarcinoma (but sus- 
pected initially of having an anaplastic astrocytoma). All patients were 
scheduled for treatment by surgical resection of tumor. Clinical evalu- 
ation included computerized tomography (CT) scan, performed with 
and without enhancement with Conray 420 (May and Baker, Dagen- 
ham, UK). One or two days prior to administration of radiolabeled 
MAbs, a radionuclide brain scan was obtained after i.v. injection of 20 
mCi of [ 99m Tc]glucoheptonate. All patients had been receiving dexa- 
methasone prior to the investigation. 

Administration of MAbs. During the week prior to the study, sera 
samples were obtained from each patient and tested for anti-murine 
antibodies. Absence of anti-mouse antibodies was confirmed in all 
patients. In order to minimize thyroid uptake of radioiodine, all patients 
received potassium iodide (100 mg) for 2 weeks, commencing 24 h 
before injection of labeled MAbs. Patients received 5-50 mg of 81C6 
IgG labeled with 1.8-3.5 mCi of ,3, I and 1-2 mg of 45.6 IgG labeled 
with 0.2-1.3 mCi of ,25 1. The doses of 81C6 administered were 5 mg 
(two patients), 10 mg (one patient), 20 mg (three patients), and 50 mg 
(three patients). Both labeled MAb preparations were combined and 
diluted to 10-15 ml in sterile, phosphate buffered saline prior to 
administration. Since previous paired-injection studies in rats with 
intracranial human glioma xenografts demonstrated a 20% delivery 
advantage for the intracarotid administration of MAbs (15), this route 
was utilized for the first seven patients. The labeled MAb mixture was 
administered into the internal carotid artery ipsilateral to the tumor 
site. The appropriate carotid artery was cannulated following femoral 
puncture under local anesthetic. Prior to studying the eighth patient, 
enough evidence had been accrued to suggest that, in humans, intraca- 
rotid delivery offered no significant advantage (20). Therefore, because 
of the greater risk and discomfort associated with intracarotid admin- 
istration, radiolabeled 81C6 and 45.6 were injected as an i.v. bolus to 
the remaining two patients. 

Imaging. Scintigraphy was performed with a General Electric 
MaxiCamera 400T equipped with a high energy, parallel-hole colli- 
mator and linked to a DEC PDP 11/34 computer with Gamma 11 
software. Ten-min images were accumulated at 10 min, 4 h, and 24 h 
after MAb injection, and daily thereafter. No subtraction techniques 
were used. Anterior and lateral views of the head, as well as anterior 
and posterior views of the thorax, abdomen, and pelvis, were obtained. 

Pharmacokinetics. Blood samples were collected beginning at 5 min 
after administration of MAb and then periodically over the next 7 days. 
At least 17 samples were obtained from each patient. Aliquots (2 ml) 
were counted for ,3, I and ,25 I activity using a dual-channel automated 
gamma counter. A correction was applied for spillover of ,31 I radiation 



in the I25 I counting window. The percentage injected dose remaining in 
the blood for both nuclides was calculated by comparison to ,3l l-labclcd 
81C6 and '"Mabeled 45.6 standards of appropriate count rate. Urine 
was also collected at daily intervals and 2-ml aliquots were counted in 
duplicate in order to calculate cumulative urinary excretion of 131 1 and 
,25 I. Sera samples were obtained by centrifugation at 800 x g for 5 min. 
The protein bound l3l I and I25 I activity in sera and urine samples was 
evaluated by precipitation with 15% trichloroacetic acid, followed by 
centrifugation and gamma counting of the pellet and supernatant. 
Selected serum samples from each patient were also analyzed by chro- 
matography over a Sephacryl S300 column as described above. For 
patients numbered 4, 5, and 6, the change in immunoreactivity of I3, I- 
labeled species in the sera as a function of time was determined using 
the homogenate assay described above. All assays were performed in 
triplicate. The volume of each serum sample used was selected such 
that the 81C6 content (estimated from the l31 I activity per milliliter) 
was about 50-100 ng. For these studies, specific binding was calculated 
by subtracting the percent 125 Mabeled 45.6 bound to the glioma ho- 
mogenate from the percent 13I I-labeled 81C6 bound to the same ho- 
mogenate. 

Analysis of Tissue Samples. As part of their normal course of therapy, 
all patients underwent surgical resection of their tumors 29 to 77 h 
after injection of ,3l I-labeled 81C6 and l25 I-labeled 45.6 MAbs (Table 
3). Between four and 10 samples considered to be tumor at operation 
were analyzed from each patient. Separate tissue samples were sent for 
pathological evaluation for use in patient management. In addition, 
samples of temporalis muscle and normal brain were obtained whenever 
permitted by the operative approach (muscle, Patients 1, 2, 4-8; normal 
brain, Patients 1, 2, 4-9). All tissue samples were blotted, placed in 
tared plastic vials containing 1 ml of formalin, weighed and then 
counted for 131 I and 125 I activity. After waiting for 30-45 days to allow 
the l3, I levels to decay, the tissues were subjected to conventional 
histological analyses to confirm the nature of the malignancy and to 
estimate the relative amount of tumor and nontumor tissue in each 
sample. 



RESULTS 

Radiolabeled MAbs. The specific activities of the ,31 I-Iabeled 
81C6 preparations ranged between 0.06 and 0.4 tiding. For 
,25 I-labeled 45.6, the specific activities were between 0.2 and 
1.8 /iCi//xg. In all cases, the trichloroacetic acid precipitability 
of the administered 13, I and 125 I activity was greater than 97%. 
No evidence for aggregate formation was found in the Sephra- 
cryl S300 chromatographic analyses of the labeled MAb used 
in these studies. The immunoreactivity of the 13l I-labeled 81C6 
preparations was determined in vitro by measuring differential 
binding to antigen-positive D-54 MG human glioma tumor and 
antigen-negative normal rat liver homogenates. From the data 
presented in Table 1, one can calculate that the specific binding 
values ranged between 54 and 71%. When specific binding was 
calculated as the difference between the percentage 81C6 and 

Tabic 1 Patient studies withal-labeled 81C6 
Tumor type, protein doses, and specific binding percentages of 81C6. 



81C6 binding in vitro 



Patient 
num- 
ber 


Histological 
diagnosis 


Dose 8IC6 
(mg) 


D-54 MG 
tumor 
(%) 


Rat 
liver 
(%) 


Specific 

(%) 


1 


GBM° 


5 


67 


13 


54 


2 


GBM 


5 


67 


13 


54 


3 


CBM 


10 


79 


14 


65 


4 


GBM 


20 


76 


5 


71 


5 


GBM 


20 


76 


5 


71 


6 


MA 


20 


75 


12 


63 


7 


GBM 


50 


75 


12 


63 


8 


Oligo 


50 


72 


2 


70 


9 


AA 


50 


72 


2 


70 



° GBM, glioblastoma multiforme; MA, metastatic adenocarcinoma; Oligo, 
oligodendroglioma; AA, anaplastic astrocytoma. 
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Patient 
num- 
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2 
3 
4 
5 
6 
7 
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nonspecific control MAb 45.6 binding to D-54 MG tumor, 
nearly identical specific binding percentages were obtained (data 
not shown). 

Pharmacokinetics of ,3, I-Iabeled 81C6 and ,25 I-labeIed 45.6. 
Nine patients received from 5 to 50 mg (1.8-3.5 mCi 131 I) of 
81C6 and 1.0-1.7 mg (0.2-1.3 mCi m I) of isotype- matched 
control MAb 45.6 (Tables 1 and 2). Blood and urine samples 
were obtained serially over the next 7 days. Half-times for the 
disappearance of 13I I and 125 I activity from the blood pool are 
summarized in Table 2. Since Patient 6 died at 27 h after MAb 
administration, insufficient data were available for determina- 
tion of blood clearance half-times. The clearance of 81C6 was 
better fit by least squares analysis to a biexponential equation; 
in contrast, the clearance of 45.6 was better fit to a monoex- 
ponential equation. 

For 81C6, the mean first component half-time (f%) ranged 
from 2.4 h at 5 mg to as short as 0.1 ± 0.05 h at the 50-mg 
dose. Although there appeared to be an inverse relationship 
between 81C6 protein dose and first component half-time, this 
correlation was significant (r = -0.89) only when Patient 7 was 
not included. The second component half-time ranged from 
about 35 h at 5 mg to as low as 22.4 ± 0.6 h at 50 mg. An 
inverse relationship between 81C6 protein dose and second 
component half-time again was apparent (r = -0.81) only when 
Patient 7 was excluded. 

With the exception of Patient 7, the half-time for clearance 
of 45.6 control MAb ranged between 33.4 ± 0.8 and 46.0 ± 1.0 
hwith no correlation with either 45.6 or 81C6 protein dose 
observed. The clearance half-time for 45.6 in Patient 7 was 62.8 
i 1.9 h. If the second component half-time for 81C6 is nor- 
malized to the 45.6 blood clearance half-time, there is an 
excellent inverse correlation (r = -0.93) between this ratio and 
81C6 protein dose administered (Fig. 1), even if the data from 
Patient 7 are included. 

The cumulative urinary excretion of radioiodine following 
the injection of ,3, I-labeled 81C6 and 125 Mabeled 45.6 is illus- 
trated in Fig. 2. No significant differences between 81C6- and 
45.6-associated radioiodine levels in the urine were observed at 
any time. When the data from all nine patients were combined, 
18.3 ± 6.0% and 19.3 ± 3.6%, respectively, of the ,3, I and 125 1 
were found in the urine 24 h after injection. Similarly, 37.2 ± 
8.4% of the ,31 I and 38.7 ± 4.7% of the 125 I administered were 
found in the urine at 48 h. The standard deviation for the 
variable protein dose 81C6 also was higher than that for the 
constant protein dose 45.6 on Days 3 through 7, suggesting the 
possibility that the rate of urinary excretion may be dose de- 
pendent. However, the correlation coefficients for the relation- 
ship between 81C6 dose and cumulative urinary excretion were 
less than 0.5 at all time points. 

In addition, the protein-associated fraction of radioiodine 



Table 2 Blood clearance of 31 1 and activity in patients injected with ,3 7- 
labeled 8IC6 and l25 I-labeled 45.6 







,3l I-labeled8lC6 




'"Mabeled 45.6 








Second compo- 






Patient 






nent 




Dose 




num- 


Dose 


First component 








ber 


(rag) 


r*(n) 


7\,(h) 


(%) 


(mg) 


1 


5 


2.3 ± 0.3 


34.7 ± 1.0 


68 


1.0 


36.8 ± 0.5 


2 


5 


2.5 ± 0.3 


36.0 ± 0.9 


67 


1.0 


39.7 ± 0.7 


3 


10 


1.4 ±0.3 


34.9 ±2.1 


59 


1.7 


33.4 ± 0.8 


4 


20 


0.7 ± 0.2 


28.6 ± 1.6 


67 


1.5 


35.4 ± 0.8 


5 


20 


1.1 ±0.2 


24.8 ± 1.4 


67 


1.5 


34.1 ± 1.0 


6 


50 


2.5 ± 0.8 


36.1 ±2.6 


35 


1.0 


62.8 ± 1.9 


7 


50 


0.5 ± 0.2 


22.4 ± 0.6 


67 


1.0 


36.9 ± 1.0 


8 
9 


50 


0.1 ±0.05 


27.6 ± 0.9 


60 


1.0 


46.0 ± 1.0 




20 30 40 
81C6 DOSE (mg) 

1. Relationship between 81C6 protein dose and the ratio of the second 
component blood clearance half-time of 81C6 to the blood clearance half-time 
for 45.6 in each patient. 
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Fig. 2. Cumulative urinary excretion of 131 1 and ,25 I during the week following 
injection of ,3, I-labeled 81C6 and ,23 l-labeled 45.6 MAbs. 



activity in the blood and the urine was determined for both 
nuclides by TCA precipitability. In the blood, the TCA precip- 
itable activity for both nuclides decreased from initial values of 
97-99% to 93-96% at 4 to 7 days. No significant differences 
between 81C6- and 45.6-associated radioiodine TCA values 
were observed at any time point, nor were any dose-related 
effects seen. The fraction of both 13, I and ,25 I in the urine that 
was TCA precipi table was less than 5% at all time points. 

Sephacryl S300 gel permeation chromatography was per- 
formed on at least one sample from each patient obtained 
between 12 and 36 h after MAb administration. In all cases, 
greater than 90% of both the ,31 I and the ,2S I activity eluted 
with the anticipated retention time for unmodified IgG immu- 
noglobulin. The remainder of the activity eluted as a low 
molecular weight species and was presumed to reflect free 
iodide. 

Immunoreactivity in Serum. These studies were performed on 
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serum samples obtained from the three patients injected with 
20 mg of 81C6. Specific binding was calculated by subtracting 
the percent ,25 I-labeled 45.6 from the percent 13, I-labeled 81 C6 
bound in vitro to D-54 MG human glioma homogenates. As 
shown in Fig. 3, the immunoreactivity of 13, 1 activity in the 
serum decreased from pre-injection levels of about 70% to about 
40% during the first 5 h and then declined at a more gradual 
rate thereafter. 

Imaging. The nine patients were scanned at various intervals 
beginning 10 min after MAb administration with the last set of 
images obtained about 2-4 h prior to surgery. At 1 h, prominent 
blood pool activity and hepatic accumulation were seen. Activity 
in the liver, and in seven patients the spleen, was also observed 
in the later images. Uptake of ,31 I in the liver and the spleen 
was more pronounced, relative to blood pool, in patients in- 
jected with lower protein doses (5-10 mg) of 81C6. Some 
evidence of bone marrow accumulation was observed on scans 
obtained after 24 h. 

[" m Tc]Glucoheptonate scanning performed prior to MAb 
administration revealed blood-brain barrier impairment in all 
nine patients. Known sites of tumor could not be identified on 
scans obtained earlier than 24 h after ,3l I-labeled 81C6 MAb 
injection. In Patients 3, 4, 7, and 8, tumor could be identified 
on later images. Selective localization of ,3, Mabeled 81C6 in 
tumor was more apparent in Patients 1, 2, 5, 6, and 9. Anterior 
and lateral planar images of Patient 5, which were obtained 24 
h after injection of a 20-mg dose of ,3, I-labeled 81C6, are shown 
in Fig. 4. In these scans, accumulation of ,3, I in the region 
corresponding to tumor is clearly demonstrated. 

Analyses of Tissue Specimens. Biopsy specimens removed at 
surgery were placed into coded, tared vials containing 1 ml of 
20% formalin and assayed for 131 I and ,25 I activity using an 
automated gamma counter. Between four and 10 samples of 
tumor were obtained from each patient (Table 3). Specimens 
of temporalis muscle were also analyzed from seven patients 
and normal brain from eight patients. The fraction of tumor in 
each biopsy sample was determined histopathologically for all 
tissue specimens obtained from Patients 4-9. 

As shown in Table 3, the average tumor uptake, expressed as 
percentage injected dose per gram, ranged from 6.4 x 10~ 4 for 
Patient 9 (anaplastic astrocytoma, 50 mg 81C6) to 4.3 x 10" 3 
for Patient 6 (metastatic adenocarcinoma, 20 mg 81C6). The 




Hours 

Fig. 3. Immunoreactivity of ,J, I activity in sera of patients numbered 4 (•), 5 
(O), and 6 (▲) injected with 20 mg of "'I-labeled 81C6. Immunoreactivity defined 
as the percentage binding to D-54 MG human glioma homogenates in vitro of 
,3, I t derived from 81C6, minus the percentage binding of ,M I, derived from 45.6 
control MAb. 



variation in tumor uptake for samples from an individual pa- 
tient ranged from a 50% difference (Patient 7) to a 15-fold 
difference (Patient 6). The highest level of ,3, I-labeled 81C6 
observed in a tumor biopsy was 1.6 x 10" 2 %ID/g. 

With the exception of Patient 3, tumor-to-normal-brain up- 
take ratios also were calculated for 13l I-labeled 81C6. The 
average tumonnormal brain ratios ranged from 2.3: 1 for Patient 
9 to 76:1 for Patient 5 (Table 3). The highest tumonnormal 
brain ratio was 205:1 for one of the tumor specimens obtained 
from Patient 6. 

By coadministering isotype-matched, ,25 I-labeled 45.6 Mab, 
it was possible to determine the specificity of l3, I-labeled 81C6 
uptake in brain tumors and other tissues. Using the formalism 
of Moshakis et al. (21), the localization index was expressed as 
the ratio of 81C6 ,3, I to 45.6 125 I activity in the tumor or other 
tissue of interest, divided by the same ratio in the blood. As 
shown in Table 4, the localization indices for muscle ranged 
between 1.00-1.17, and for normal brain ranged between 0,95- 
1.25. For the tumor samples, the average localization indices 
for patients receiving 5-10 mg of 81C6 varied between 1.3-1.5, 
and for patients injected with 20-50 mg ranged from 2.2 to 
3.7. Four of the patients had tumor specimens in which the 
localization index was greater or equal to 4.0. 

In evaluating these results, it is important to bear in mind 
that the three patients receiving the 5-10 mg doses of 13, I- 
labeled 81C6 did not have their uptake values corrected for the 
fraction of the biopsy determined to be tumor by histopatho- 
logical analyses. Table 5 includes representative data from one 
patient (Patient 8) which illustrate the effect of incorrect iden- 
tification of tissue composition on the percentage injected dose 
per gram tumor and normal brain as well as on the tumor-to- 
normal-brain tissue uptake ratio. In this patient, presence of 
tumor in the "normal brain" samples and presence of normal 
brain and/or necrosis in some of the "tumor" specimens de- 
creased the apparent tumonnormal brain ratio by as much as 
6-fold. Localization indices were also affected by heterogeneity 
in biopsy composition. For example, in this patient, correcting 
for the fact that one of the samples contained only 60% tumor 
increased the localization index from 2.0 to 2.7. 

Toxicity. No toxicity was observed as a consequence of ad- 
ministration of radioiodinated 81C6 and 45.6 MAbs. In partic- 
ular, results of liver function tests obtained 1-2 weeks after 
MAb injection were unchanged from baseline values determined 
immediately prior to the MAb study. 

DISCUSSION 

Monoclonal antibody 81C6 was selected for pharmacokinetic 
evaluation in humans because of the wealth of preclinical infor- 
mation which suggests that this MAb may be useful for deliv- 
ering radionuclides to gliomas and other neoplasms that express 
tenascin (3, 14, 16, 17). In these studies, both m I-labeled 81C6 
and 125 I-labeled 45.6 control MAb were administered intraca- 
rotidly because a delivery advantage of approximately 20%, 
relative to i.v. injection, was observed in paired-injection studies 
in the D-54 MG glioma xenograft model (15). However, after 
studying the first seven patients, it was determined by paired- 
injection analysis, that intracarotid administration did not offer 
a delivery advantage for 81C6 in the human (20). Since there 
is a small, but finite risk associated with carotid angiography, 
the last two patients received MAbs via i.v. injection. 

In this report, we have demonstrated that ,31 I-labeled 81C6 
was accumulated in brain tumors in concentrations sufficient 
to permit external imaging. Thus, disruption of the blood-brain 
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Fig. 4. Lateral and anterior planar images 
of the brain obtained 24 h after injection of a 
20 mg (3.4 mCi) dose of n, Mabeled 81C6. 
Patient 5, glioblastoma multiforme. 





Table 3 Tumor uptake and tumor to normal brain ratios of 1 
determined from patient biopsy samples 



"Uabeled8lC6 



Patient Interval 
num- Dose to surgery Tumor 



Tumor uptake (% ID/g) 



Tumonnormal 
brain ratio 



ber 



(h) samples Average 



Range 



Average Range 



1" 


5 


47 


10 


8.1 x 10" 4 


(0.4-1.4) x 10" 3 


3.5 


1.6-6.0 


2° 


5 


68 


8 


1.3 x 10" 3 


(0.4-4.3) x 10" 3 


2.6 


1.1-8.6 


r 


10 


32 


8 


7.5 x 10" 4 


(0.5-1.2) x IO" 3 


b 




4 


20 


73 


8 


6.8 x 10" 4 


(0.4-1.0) x IO* 3 


4.3 


2.4-6.6 


5 


20 


77 


4 


4.1 x 10" 3 


(1.4-5.0) x 10" 3 


76 


26-93 


6 


20 


29 


7 


4.3 X IO' 3 


(1.0-15.5) x IO" 3 


56 


10-205 


7 


50 


74 


5 


1.2 x 10" 3 


(1.0-1.5) x IO" 3 


14 


11-17 


8 


50 


70 


4 


1.0 x IO" 3 


(0.4-1.7) x 10 -3 


15 


6-26 


9 


50 


70 


8 


6.4 x IO" 4 


(0.3-1.0) x 10" 3 


2.3 


1.0-3.6 



" Composition of biopsy samples not determined by pathology. 
* Normal brain sample not available. 



Table 4 Localization indices in tumor biopsy samples from patients injected with 
13i NabeIed 81C6 and l2i l-labeled 45.6 



Localization index 0 



Patient 
number 


Dose8lC6 
(mg) 


Muscle 


Normal 
brain 


Tumor 
range 
(average) 


1* 


5 


1.01 


0.99 


1.3-1.9(1.5) 


2* 


5 


1.00 


1.25 


1.1-2.4 (1.8) 


3* 


10 


c 


r 


1.2-1.4 (1.3) 


4 


20 


1.13 


1.09 


1.7-3.4 (2.3) 


5 


20 


1.17 


0.95 


3.4-5.0(3.7) 


6 


20 


1.09 


1.23 


1.3-5.0 (3.2) 


7 


50 


1.03 


1.11 


2.8-4.8 (3.7) 


8 


50 


1.00 


1.14 


1.3-3.2 (2.2) 


9 


50 


c 


1.12 


1.3-4.0(2.3) 


a Localization index - 



81C6 in tissue/8 1C6 in blood 
45.6 in tissue/45.6 in blood 

* Composition of biopsy samples not determined by pathology. 
e Tissue samples not available. 



Table 5 Effect of correcting for histologically determined biopsy composition on 
tumor uptake and tumor to normal brain ratios 
Data from Patient 8. 



Sample 



% Tu- 
mor 
in biopsy 



% ID/g 



Tumonbrain ra- 
tio 



Raw 



Corrected Raw Corrected 



Normal brain 


70 


3.0 x 


lO" 4 


7.6 x 


io- 5 






Normal brain 


30 


2.7 x 


lO" 4 


5.5 x 


IO' 5 






Tumor 


100 


1.7 x 


10' 3 


1.7 x 


IO"* 3 


6.1 


26 


Tumor 


100 


7.3 x 


io- 4 


7.3 x 


io- 4 


2.6 


11 


Tumor 


60 


7.2 x 


10' 4 


1.2 x 


IO" 3 


2.5 


18 


Tumor 


70 


3.3 x 


io- 4 


4.0 X 


io- 4 


1.2 


6.0 
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barrier was sufficient to allow access of labeled immunoglobulin 
to intracerebral tumors. The contrast between tumor and sur- 
rounding normal brain seen on the scans increased with time, 
becoming optimal 24-48 h after MAb injection. In general, 
better tumor images were obtained in those patients with higher 
m I uptake levels as determined by gamma counting of their 
tumor biopsy specimens. 

The amount of 13l I localizing in brain tumors after 13, I-labeIed 
81C6 injection was quite low, with average values ranging 
between 1 and 4 x 10" 3 % per gram. The magnitude of 81C6 
uptake in cerebral tumors was similar to that observed by 
Richardson et al. (10) following the injection of MAb UJ13A 
labeled with 131 L While it is possible that an incompletely 
compromised blood-brain barrier might contribute to the low 
level of MAb uptake in brain tumors, it is important to point 
out that these values are comparable to those observed in tumor 
biopsies following i.v. MAb injection in patients with mela- 
noma, breast, ovarian, and colorectal carcinoma (22-28). 

One of the principal limitations of external beam radiother- 
apy for the treatment of primary brain tumors is radiation- 
induced toxicity to adjacent normal brain. When the biopsy 
data from the eight patients from which a specimen of adjacent 
normal brain are pooled, the average tumonbrain ratio for 13, I- 
labeled 81C6 was greater than 5:1. If only those specimens for 
which fractional tumor content was determined histologically 
are considered (Patients 4-9), then the average tumonnormal 
brain ratio for 81C6 increases to 25:1. MAb protein dose may 
be a pertinent factor since the average tumonbrain ratio for 
biopsies at 20 mg 81C6 was 38:1, in comparison to 9:1 for 
samples from patients receiving 50 mg of 81C6 MAb. 

The tumonnormal brain uptake ratios seen in biopsies for 
81 C6 IgG are quite favorable when compared to those found in 
the literature for other MAb and fragments. After injection of 
radioiodinated UJ13A IgG into six patients with primary brain 
tumors, tumonnormal brain ratios at 3 to 16 days ranged from 
3 to 13:1 in surgically resected tissues (10). Using the lower 
molecular weight F(ab') 2 fragment of Mel- 14, Behnke et al (7) 
observed tumonbrain ratios of 2 to 18:1 in four patients with 
gliomas. 

Since nonspecific uptake of proteins in brain tumors is well 
known (29), it is essential to demonstrate that radiolabeled 
MAb accumulation in cerebral malignancies is related to spe- 
cific processes. To address this concern, all patients receiving 
,3, I-labeled 81C6 also were injected with an !25 Wabeled, isotype- 
matched control MAb (45.6) so that specific and nonspecific 
immunoglobulin uptake in brain tumors could be differentiated. 
Unlike the results of a previous study in glioma patients in 
1 
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which no difference between specific UJ13A and nonspecific 
HMFG2 uptake in tumor was seen (1 1), we have observed that 
the localization indices for 81C6 uptake in cerebral malignan- 
cies were as high as 5. For the patients whose biopsy composi- 
tion was determined histopathologically, the average localiza- 
tion index for tumor was 2.83, compared to 1.07 and 1.11 for 
normal muscle and brain, respectively. These results indicate 
that the uptake of radioiodinated 81C6 in brain tumors is 
specific. 

The uptake of 81C6 MAb in tumor specimens from individ- 
ual patients was quite variable, ranging from a 1 5-fold difference 
for Patient 6 to a 50% difference for Patient 7. Patient 6, who 
had the greatest tumor uptake, was not known to have a 
metastatic adenocarcinoma until after histological evaluation 
of the biopsy. 81C6 reacts with tenascin, which is expressed in 
many tumor types, including fibrosarcoma, carcinoma of the 
breast and Wilms tumor (12); however, quantitation of differ- 
ences in tenascin expression among tumor types or among 
different tumors of the same type has not yet been performed. 
Imaging of extracranial lesions could not be evaluated in Patient 
6 since no evidence of primary or other sites of metastases was 
seen at autopsy. Studies to evaluate imaging of other tumor 
types with radiolabeled 81C6 are under consideration. 

Heterogeneities in vascular permeability and antigenic 
expression may contribute to differences in 81C6 accumulation 
in a particular tumor. Since uptake of 45.6 MAb reflects non- 
specific processes, regional variations in brain tumor uptake 
are related to heterogeneities in tumor blood flow and vascular 
permeability. In each patient's biopsy specimens, the variation 
in 45.6 uptake ranged from 25 to 500%; and, except for Patient 
4, about a threefold lower variation in tumor accumulation of 
45.6 compared to 81C6 was seen. These differences, in concert 
with the large variation in localization indices observed for 
81C6 in most patients, suggest that regional variation in anti- 
genic expression is an important factor influencing the hetero- 
geneity of 81C6 accumulation in brain tumors. The importance 
of regional variations in antigen distribution in affecting 81C6 
uptake has also been demonstrated in D-54 MG human glioma 
xenograft models using quantitative autoradiography (30). 
These studies suggest that it may be necessary to use mixtures 
of MAbs reactive with different glio ma-associated antigens in 
order to obtain maximal and uniform uptake of radiolabeled 
MAbs in gliomas. 

The influence of protein dose on MAb pharmacokinetics is 
not clear, partly because of intrinsic differences in the labeled 
MAb systems that have been investigated. In xenograft animal 
model studies, there is disagreement as to the effect of MAb 
dose on the magnitude of tumor uptake and tumor-to-normal- 
tissue ratios (31-37). Most clinical studies investigating the 
effect of MAb protein dose have been performed with 11 Un- 
labeled MAbs (38-42). Lesion detectability appears to increase 
with increasing protein dose of ZME-018, 9.2.27, and 96.5 
anti-melanoma MAbs (38-40, 42). However, higher protein 
doses of MAb also result in prolonged retention of HI In activity 
in the blood pool with some MAbs (38, 39, 42), but not for 
others (39, 41). Since the catabolism of m In and ,3, Mabeled 
MAbs is different, particularly with regard to the prolonged 
retention of 111 In-labeled catabolites (43), the relevance of these 
studies to the current investigation is questionable. In at least 
one study with an ,3, Mabeled MAb (B72.3), immunoglobulin 
dose did not influence MAb pharmacokinetics and lesion de- 
tectability (23). 

Although it is not possible to make a definitive statement 
concerning the effect of 81C6 dose on tumor uptake, it appears 



that expedited blood clearance is associated with higher protein 
doses of 81C6. This behavior is in marked contrast to that 
reported in the literature, particularly for n, ln-labeled MAbs. 
One possible explanation is that, at higher doses of 81C6, the 
rate of catabolism is increased. In contrast to 1,1 In-labeled MAb, 
radioiodinated MAb degradation products are excreted rela- 
tively rapidly via the urine and, thus, increased catabolism could 
lead to more rapid clearance. However, no dose-dependent 
effects were observed for the urinary excretion of 81C6 and, at 
all time points, the concentration of both 81C6 and 45.6 derived 
radioiodine in the urine was quite similar. It is worth noting 
that the cumulative urinary excretion observed for both 81C6 
and 45.6 was about twice as high as that observed previously 
for 131 I-labeled B6.2 MAb (44). Since the tenascin antigen, 
which 81C6 recognizes, also is present in normal liver and 
spleen red pulp sinusoids (12), antigen-mediated binding to 
these tissues could also influence the pharmacokinetics of 81C6 
associated radiolabel. 

In summary, we have demonstrated that gliomas and an 
intracerebral metastatic adenocarcinoma can be detected in 
patients by gamma camera imaging after injection of 13, I- 
labeled 81C6. The magnitude of brain tumor uptake was small 
but comparable to that reported in the literature for other types 
of tumors. Analysis of biopsy specimens from patients injected 
with 20-50 mg of 81C6 revealed an average tumor-to-normal- 
brain ratio of about 25:1. By coadministering an ,25 I-labeIed 
control MAb, we were able to determine that the localization 
indices in tumor were as high as 5. In contrast, the localization 
indices in normal brain and muscle were approximately one, 
indicating that uptake of 81C6 in these cerebral malignancies 
was specific. 
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Phase II Trial of Murine 131 I-Labeled Antitenascin 
Monoclonal Antibody 81C6 Administered Into Surgically 
Created Resection Cavities of Patients With Newly 
Diagnosed Malignant Gliomas 

1 David A Reardon, Gamal Akabani, R. Edward Coleman, Allan H. Friedman, Henry S. Friedman, James E. Herndon I 

llkcan Cokaor, Roger E. McLendon, Charles N. Pegram, James M. Provenzale, Jennifer A. Quinn, Jeremy N. Rich, 
Lorna V. Regalado, John H. Sampson, Timothy D. Shafman, Carol J. Wikstrand, Terence Z. Wong, Xiao-Guang Zhao, 

Michael R. Zalutsky, and Darell D. Bigner 



Purpose : To assess the efficacy and toxicity of intra- 
resection cavity 131 Mabeled murine antitenascin mono- 
clonal antibody 81 Co and determine its true response rate 
among patients with newly diagnosed malignant glioma. 

Patients and Methods : In this phase II trial, 1 20 mCi 
of 131 l-labeled murine 81C6 was injected directly into 
the surgically created resection cavity of 33 patients with 
previously untreated malignant glioma (glioblastoma 
multiforme [GBM], n = 27; anaplastic astrocytoma, n = 4; 
anaplastic oligodendroglioma, n = 2). Patients then re- 
ceived conventional external-beam radiotherapy fol- 
lowed by a year of alkyiator-based chemotherapy. 

Results : Median survival for all patients and those 
with GBM was 86.7 and 79.4 weeks, respectively. 
Eleven patients remain alive at a median follow-up of 
93 weeks (range, 49 to 220 weeks). Nine patients 
(27%) developed reversible hematologic toxicity, and 
histologically confirmed, treatment-related neurologic 

IMPROVEMENT IN outcome for patients with the most 
common primary adult brain tumor, malignant glioma, 
has been elusive despite more than two decades of intensive 
clinical and laboratory research. In particular, outcome for 
patients with glioblastoma multiforme (GBM) remains un- 
acceptable, with the median survival for patients with newly 
diagnosed GBM and recurrent GBM being only 40 to 60 1 
and 16 to 24 weeks, respectively. 2 Failure to eradicate local 
tumor growth is a major factor contributing to poor out- 
come, as indicated by the development of 90% of GBM 
recurrences at or adjacent to the site of origin. 3 Therefore, 
adjuvant therapies designed to augment local control are 
critically needed. The delivery of chemotherapeutic agents, 
toxins, or radionuclides to tumor-associated antigens via 
monoclonal antibodies (mAbs) is one such approach. Our 
efforts have focused on administering rumor-associated 
radiolabeled mAbs directly into spontaneous tumor cysts, 
surgically created resection cavities (SCRCs), the intrathe- 
cal space, and solid tumors. 4 " 6 

Tenascin, an extracellular matrix hexabrachion glycopro- 
tein, is expressed ubiquitously in high-grade gliomas and in 
breast, lung, and squamous cell carcinomas, but not in 
normal brain. mAb 81C6 is a murine immunoglobulin G 2b 
that binds an epitope within the alternatively spliced fi- 



toxicity occurred in five patients (15%). One patient 
(3%) required reoperation for radionecrosis. 

Conclusion : Median survival achieved with ,31 l-la- 
beled 81C6 exceeds that of historical controls treated 
with conventional radiotherapy and chemotherapy, 
even after accounting for established prognostic factors 
including age and Karnofsky performance status. 
The median survival achieved with 131 l-labeled 81C6 
compares favorably with either 125 l interstitial brachy- 
therapy or stereotactic radiosurgery and is associated 
with a significantly lower rate of reoperation for radione- 
crosis. Our results confirm the efficacy of ,31 l-labeled 
81C6 for patients with newly diagnosed malignant 
glioma and suggest that a randomized phase 111 study 
is indicated. 

J Clin Oncol 20:1389-1397. © 2002 by American 
Society of Clinical Oncology. 



bronectin Type III region of tenascin. 7 * 8 This tenascin 
isoform is abundantly expressed in gliomas 910 Preclinical 
studies have confirmed the specificity of 81C6 for tenascin- 
expressing tumors in cell culture and xenograft model 
systems. Bourdon et al 11 first demonstrated preferential 
localization of radioiodinated antitenascin 81C6 mAb in 
subcutaneous and intracranial human xenografts in athymic 
mice and rats using paired-label analysis. Additional pre- 
clinical studies with m I-labeled 81C6 demonstrated signif- 
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icant tumor growth delay and regression in athymic mice 
bearing subcutaneous D-54/MG human glioma xenografts 
and prolongation of median survival for athymic rats bear- 
ing intracranial tumors.' 2-14 These promising results in 
preclinical animal studies led to a paired-label study in 
humans with recurrent malignant glioma. In this study, 
biopsy specimens obtained after intravenous injection of 
l23 I-labeled 81C6 demonstrated tumor-to-normal brain ra- 
tios up to 25:1 and single photon emission computed 
tomography localization indices showed an up to five-fold 
higher tumor accumulation of 81C6 compared with control 
immunoglobulin G 2b murine immunoglobulin. 15 

We have performed a series of phase I clinical trials to 
establish the maximum-tolerated dose (MTD) of m !-la- 
beled murine 81C6 (mu81C6) mAb injected directly into a 
patient's SCRC. The MTD for three subgroups of patients 
with CNS tumors was established by the following studies: 
(I) 80 mCi for adult patients with leptomeningeal neo- 
plasms or brain tumor resection cavities that communicate 
with the subarachnoid space, 4 (2) 100 mCi for patients with 
recurrent malignant gliomas who received prior radiation 
therapy with or without chemotherapy, 5 and (3) 120 mCi for 
newly diagnosed and previously untreated adult patients 
with malignant gliomas 6 In the latter group, delayed neu- 
rologic toxicity was dose-limiting and the median survival 
for all patients and those with GBM was 79 and 69 weeks, 
respectively. We now report the results of a phase II study 
using 120 mCi of l3, l-labeled mu81C6 mAb injected 
directly into the SCRCs of newly diagnosed and previously 
untreated adult patients with malignant gliomas. 

PATIENTS AND METHODS 

Patient Eligibility and Treatment 

Eligible patients had a confirmed histologic diagnosis of a newly 
diagnosed, previously untreated, supratcntorial primary malignant tu- 
mor and were candidates for surgical resection. Patients with tumors 
that were either infratentorial, diffusely infiltrating, or multifocal or that 
had intraventricular access or subependymal spread were not eligible. 
Histopathologic samples from initial surgery for all patients were 
centrally reviewed at Duke University Medical Center (R.E.M., De- 
partment of Pathology, Durham, NC), and we performed a test of 
immunoreactivity for tenascin using either fresh or paraffin-embedded 
tissue stained positively with 8 1 C6 or affinity-purified polyclonal rabbit 
antitenascin serum, respectively. Patients were greater than 3 years of 
age and had a Kamofsky performance status (KPS) of at least 60% at 
study entry. Pregnant or lactating patients and those with iodine allergy 
were ineligible. Concurrent systemic chemotherapy was not allowed. 
Other requirements have been described previously. 4 

Patients underwent a gross total resection and placement of a 
Rickham reservoir and catheter into the SCRC. A magnetic resonance 
imaging (MRI) scan with contrast was obtained within 48 hours of 
resection to document any residual tumor and placement of the 
Rickham catheter. Residual tumor could not enhance measurably more 



than 1.0 cm beyond the margin of the SCRC. Patency of the Rickham 
catheter and intactness of the SCRC were confirmed by injecting 
technetium-99m (* 9m Tc)-labeIed albumin or diethylenetriamine penta- 
acetic acid into the Rickham reservoir and obtaining gamma camera 
images immediately, 4 hours, and 24 hours after injection. Patients with 
subgaleal leakage of q9m Tc-labeled tracer from the SCRC or with a 
resection cavity that communicated with the subarachnoid space (ie, 
intrathecal communication) were not eligible for treatment on this 
protocol. A baseline [ !8 F}fluorodeoxy glucose positron emission tomog- 
raphy ( l *FDG PET) scan was obtained after resection. Before and 30 to 
1 20 days after treatment, patients were tested for circulating antibodies 
to mu81C6 antibody and human-mouse chimeric 81C6 (ch8lC6) 
antibody constructs with a double antibody radioimmunoassay or an 
enzyme-linked immunoabsorbent assay. 4 

Eligible patients received four drops of a saturated solution of 
potassium iodine and 75 /ig of liothyronine sodium (Cytomel; Smith- 
Kline Beecham, Pittsburgh, PA) daily from 48 hours before to 16 days 
after m I-labeled 81C6 mAb administration to decrease iodine accu- 
mulation to the thyroid. After a patient was admitted to the hospital, the 
Rickham reservoir was accessed with a 2 5 -gauge butterfly needle using 
sterile technique. Cystic fluid up to a volume of 6 mL was removed 
when possible. Twenty milligrams of 81C6 mAb labeled with 120 mCi 
of 131 1 was injected into the reservoir in a volume of 6 mL or less. The 
reservoir and catheter were flushed after the mAb injection. Patients 
were placed on radiation isolation until the whole-body retention of I 
was less than 30 mCi, as determined with a cross-calibrated radiation 
survey meter. After this level was reached, radionuclide imaging 
with a gamma camera and serial blood sample measurements were 
performed to document the biodistribution of m I activity in the 
whole body. Patients were discharged after a posttreatment MRI 
was performed. 

The Duke Investigational Review Board approved this investigation. 
Informed consent approved by the Duke Investigational Review Board 
was obtained from each subject or the subject's guardian. 

Antibody Production and Labeling 

The 81C6 mAb was grown in athymic mice in ascites form and 
purified over a Sepharose-staphylococcal protein-A column followed 
by polyethylenimine ion exchange chromatography. Food and Drug 
Administration guidelines for the manufacture and testing of mAb 
products were followed for each clinical batch.' 6 Radiolabeling of 
81C6 mAb was performed by a modified Iodo-Gen procedure (Pierce 
Chemical Company, Rockford, IL). All preparations had immunoreac- 
tivity of more than 75%, with more than 95% of the label eluting as 
immunoglobulin G on high-pressure liquid chromatography and pre- 
cipitating with trichloroacetic acid. 

Pharmacokinetics and Dosimetry 

Absorbed dose calculations for the SCRC, whole body, and bone 
marrow were carried out as previously described. 17 Briefly, a serial, 
two-compartment system was used to model the pharmacokinetics of 
,31 I-labeled 8IC6 mAb, where the SCRC and the whole body (not 
including the SCRC) were assumed to be the first and second 
compartments, respectively. We used gadolinium-enhanced Tl- 
weighted axial MRI images (2 mm-thick slices, noninterleaved, zero- 
millimeter spacing) obtained after resection to generate a three- 
dimensional reconstruction of the head and SCRC using current image 
analysis software (VoxelVicw 2.5.4; Vital Images. St Paul, MN). The 
SCRC volume was then calculated and used to estimate the initial 
activity concentration in the SCRC at the time of administration, where 



131 1-81 C6 IN NEWLY DIAGNOSED MAUGNANT GLIOMAS 

a uniform activity concentration was assumed. Depth-dose calculations 
of the SCRC interface, 2 cm-thick margin, and normal brain were then 
performed. Radiation-absorbed dose estimates for bone marrow were 
based on the activity in whole blood as a function of lime after 
administration. A reduction factor of 0.3 was used to relate activity in 
blood to bone marrow. 18 

Toxicity and Response Determinations 

Since treatment, patients have been monitored continually for 
toxicity. Initial follow-up occurred within the first month after treat- 
ment. Complete blood counts with differential were performed weekly 
for the first 8 weeks after ,3, Mabeled 81C6 injection. Patients with 
GBM or anaplastic astrocytoma (A A) received conventional external- 
beam radiation therapy for 6 weeks starting I month after the mAb 
therapy. After radiation therapy, adjuvant alkylator-based chemother- 
apy was administered for approximately 1 year. Patients were re- 
evaluated before initiating chemotherapy and every 8 to 12 weeks 
during chemotherapy. Patients were then evaluated every 3 months for 
the first year, every 4 months for the second year, and biannual ly 
thereafter. In each follow-up appointment, a complete general and 
neurologic examination, KPS rating, ,8 FDG PET scan, and MRI with 
contrast media were performed. Measurements of electrolytes and liver 
function tests were also repeated at each visit. A thyroid panel was 
obtained at 1 and 2 months after the treatment. Human amimouse 
antibody (HAMA) titers were obtained monthly for the first 6 months. 

Common toxicity criteria, version 2.0 (Cancer Therapy Evaluation 
Program, National Cancer Institute, Bethesda, MD), was used to score 
toxicity. Although the occurrence of seizures was recorded, seizures 
were not included as an indication of neurologic toxicity because of 
their expected frequency in this disease setting. The precise etiology of 
nonseizure neurologic toxicity after ,3l I-labeled 81C6 therapy was 
extremely difficult to define. Neither clinical features nor radiographic 
findings observed on either MRI or l *FDG PET scan reliably distin- 
guished between recurrent tumor and treatment-induced radiation 
necrosis. Although stereotactic needle biopsy is limited with regard to 
volume sampling, it remains the state of the art for diagnosis of focal 
brain lesions. Therefore, the etiology of observed neurologic toxicity 
was determined based on stereotactic needle biopsy result. 

Progressive disease (PD) was defined by the presence of at least one 
of the following: (1) more than 25% increase in the enhancing tumor 
cross-sectional area or the appearance of radiographically new lesions 
that were also hypermetabolic on 1X FDG PET scan, (2) evidence of 
clinical deterioration and a more than 25% increase in enhancing tumor 
size or the appearance of radiographically new lesions on MRI, or (3) 
biopsy-proven recurrent tumor. 

Statistical Analysis 

A single-stage phase II study was conducted to determine the 
efficacy of m I-labeled 81C6 in the treatment of patients with newly 
diagnosed malignant gliomas. The primary end point of the study was 
the proportion of patients who survived for I year after initial 
treatment. The targeted accrual goal of 41 patients provided 90% power 
to differentiate between a success rate of 40% and 60%, where success 
is defined as living more than 1 year. If 21 or more patients lived more 
than 1 year, the treatment regimen was to be considered a success and 
worthy of further investigation in a phase III study. 

The method of Kaplan and Meier 19 was used to estimate survival 
distributions, where survival was measured from the date of initial 
treatment to the date of death or last contact. Subgroup differences in 
survival were assessed with log-rank tests, 20 and the Cox Proportional 
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Table 1. Characteristics of Newty Diagnosed Patients Treated With 13, l- 
Labeled 81C6 mAb 



Characteristics 


No. of Treated Patients 
(N = 33) 


% 


Age, years 




50 


Median 




Range 




19-68 


Sex 






Male 


23 


70 


Female 


10 


30 


Race 






White 


32 


97 


Black 


1 


3 


Kamofsky performance score 




85 


inn 


28 


90 


\ 


3 




3 


9 


70 


1 


3 


Histology 




82 


GBM 


27 


AA 


4 


12 


AO 


2 


6 


SCRC size, median = 10.45 cm 






<5 cm 


7 


21 


5-9.9 cm 


9 


27 


10-14.9 cm 


10 


33 


>15cm 


7 


21 


Post 13 'l-labeled 81C6 mAb treatment 






External-beam radiation therapy 


29 


88 


Systemic chemotherapy 


30 


91 


Hazards Model 21 was also used to investigate for potential associations 



between variables and outcome. Logistic regression was used to 
examine the effect of cavity size as well as m I-labeled 81C6 absorbed 
and cumulative ( m l-labeled 81C6 plus external beam) radiation doses 
to the 2 cm-thick SCRC interface on toxicity. This analysis reaects 
patient follow-up through May 15, 2001. 

RESULTS 

Patient Characteristics 

The study population included 33 previously untreated 
patients with newly diagnosed high-grade glioma treated at 
Duke University Medical Center. Study accrual began in 
November 1996 and was discontinued in June 2000 once it 
became clear that the treatment regimen was worthy of 
further investigation in a phase III study (ie, 21 or more 
successes were observed) and ch81C6 became available for 
clinical use. Subsequent patients were enrolled onto a phase 
I clinical trial incorporating ch81C6 because it was shown 
to demonstrate superior tumor localization in paired label 
studies of human glioma xenografts and greater overall 
stability compared with mu81C6. 22 Characteristics of the 
patients enrolled onto the current study are listed in Table 1. 
Ten of the patients were women, and 23 were men. The 
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median age was 50 years (range, 19 to 68 years). Twenty- 
seven of the patients had GBM, four had AA, and two had 
anaplastic oligodendroglioma (AO). All patients had a KPS 
between 70% and 100%. The median time between diag- 
nosis and I3l I-labeled 81C6 administration was 1.3 months 
(range, 1 to 3 months). Thirty-two patients received 120 
mCi of 131 1 conjugated to 20 mg of 81C6 mAb. One patient 
received 37 mCi of 131 1 conjugated to 10 mg of 81C6 mAb 
because of a small SCRC. After ,3l I-labeled 81C6 therapy, 
29 patients underwent conventional external-beam radiation 
therapy, and 30 received systemic chemotherapy. There are 
1 1 patients currently alive. Median follow-up among sur- 
viving patients is 93 weeks (range, 49 to 220 weeks). 
Twenty-two patients have died. 

HAMA 

Immunoassays were performed for HAMA to assess the 
patients' immune response to mu81 C6 and ch81C6 anti- 
body and to determine any HAMA-associated toxicity. 
Posttreatment blood samples were obtained from 3 1 patients 
within 1 to 6 months after treatment. When tested against 
the target immunoglobulin, 25 (86%) of 29 patients were 
positive for mu81C6, and 27 (90%) of 30 were positive for 
ch81C6. The maximum titer measured from each patient is 
presented in Table 2. No observed toxicity was related to 
HAMA reactivity. 

Dosimetry Results 

As demonstrated in previous studies, retention of the 
,3l I-labeled 81C6 in the SCRC and in the whole body 
differed significantly. 6 131 1 activity in the blood was char- 
acterized by exponential uptake followed by an exponential 
clearance. Overall, patients remained in radiation isolation 
for 3 to 8 days until adequate clearance was achieved. The 
average biologic half-life in the SCRC and in the whole 
body was 87 hours (range, 26 to 282 hours) and 39 hours 
(range, 8 to 66 hours), respectively. The average SCRC 
volume was 10.45 cm 3 (range, 0.5 to 30.5 cm 3 ). The 
average absorbed dose to the 2 cm-thick interface from 
13, I-labeled 81C6 was 48 Gy (range, 24 to 1 16 Gy), with an 
average SCRC residence time of 78 hours (range, 34 to 169 
hours). The average cumulative radiation dose to the 2 
cm-thick interface (external-beam radiation therapy plus 
m I-labeled 81C6 absorbed dose) was 102 Gy (range, 51 to 
137 Gy). The average whole-body dose was 0.58 Gy (range, 
0.24 to 1.28 Gy), with an average whole-body residence time 
(excluding the SCRC) of 40 hours (range, 12 to 89 hours). 

Toxicity 

Toxicity was primarily hematologic and neurologic. Nine 
patients (27%) developed grade 4 hematologic toxicity 
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Table 2. Peak Human Antimouse Titers in Patients After 131 1 81 C6 
Therapy 



Patient No. 


T«ter v ch81C6 


1 iter v rnuo i^-o 


1 


6.25 x 10" 2 


5.00 x \Q- U 


2 


7.81 x 10~ 3 


7.81 x 10 -3 


3 


Neg 


NT 


4 


7.81 x lO- 3 


5.00 x 10 -1 ' 


5 


6.25 x 10 2 


5.00 x 10 u 


6 


2.50 x 10~' 


5.00 x JO" 1 ' 


7 


7.81 x 10 -3 


Neg . 


8 


2.50 x 10" 1 


5.00 x 10" 1 ' 


9 


1.56 x 10" 2 


5.00 x 10" u 


10 


Neg 


Neg 


11 


7.81 x 10- 3 


5.00 x 10" u 


12 


Neg 


Neg 


13 


7.81 x 10" 3 


7.81 x 10~ 3 


14 


3.13 x 10" 2 


3.91 x 10~ 3 


15 


3.13 x 10" 2 


5.00 x 10* u 


16 


6.25 x 10~ 2 


5.00 x 10" u 


17 


1.95 x 10 3 


3.91 x 10 3 


18 


Neg 


Neg 


19 


2.44 x 10 * 


9.77 x 10~ 4 


20 


3.91 x 10~ 3 


3.91 x 10 -3 


21 


6.25 x 10' 2 


NT 


22 


3.13 x 10" 2 


5.00 x 10" u 


23 


1.56 x 10" 2 


500 x I0* u 


24 


7.81 x 10 3 


1.95 x 10 3 


25 


1.25 x 10"* 


5.00 x 10~ u 


26 


3.13 x 10~ 2 


5.00 x 10 _u 


27 


1.95 x 10" 3 


9.77 x 10"" 


28 


9.77 x 10-" 


1.95 x 10" 3 


29 


1.00 x 10" 1 


3.13 x 10 3 


30 


5.00 x 10~ 2 


6.25 x 10' 3 


31 


NT 


Neg 


32 


NA 


NA 


33 


NA 


NA 



Abbreviations: Neg, negative; NT, not tested; NA, no sample. 
•Samples were tested only at 5.00 x 10" 1 v mu81C6 to have enough 
sample to test vch81C6. 



within 8 weeks of m I-labeled 81C6 therapy and before the 
initiation of systemic chemotherapy. All hematologic tox- 
icity was reversible. Five patients had thrombocytopenia 
(platelets < 20,000/mm 3 ) and grade 4 neutropenia, three 
had thrombocytopenia alone, and one had grade 4 neutro- 
penia, anemia, and thrombocytopenia. There was no statis- 
tical correlation between whole-body radiation exposure 
and the development of hematologic toxicity (data not 
shown). Median duration to resolution of hematologic 
toxicity was 29 days (range, 4 to 56 days). 

Three patients (3%) developed neurologic toxicity (grade 
> 3), which resolved completely after the administration of 
corticosteroids. Five patients (15%) developed irreversible 
(> 6-month duration) neurologic toxicity and had stereo- 
tactic biopsies that revealed necrosis and reactive gliosis, 
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without evidence of active tumor. Irreversible neurologic 
toxicity developed at a median of 8.5 months from treatment 
(range, 3 to 25 months). Specific neurologic deficits (grade 
> 3) affected motor (n = 5), sensory (n = I), and speech (n 
= 1) function. Of note, the SCRC of each of these five 
patients was immediately adjacent to the contralateral cen- 
tral sulcus, whereas that of the patient with additional 
speech toxicity also abutted the region of Broca's area in 
the left frontal lobe. The 13l Mabeled 81C6 absorbed and 
cumulative radiation doses determined for the 2 cm-thick 
SCRC interface, as well as the SCRC size, in the five 
patients with irreversible grade ^ 3 neurologic toxicity 
were compared with the SCRC absorbed and cumulative 
doses and SCRC size in all other patients. None of these 
factors differed significantly between the two groups. In 
addition, there was no significant relationship between 
grade 2: 3 neurologic toxicity and survival. 

Two additional patients developed irreversible neurologic 
toxicity and refused stereotactic biopsy. However, clinical 
and radiographic findings clearly suggested that progressive 
tumor was responsible for their neurologic decline. The first 
patient developed grade 4 neuromotor and cognitive deficits 
20 weeks after ,3l I-labeled 81C6 therapy, at which point 
MR1 examination revealed a new enhancing lesion separate 
from the original tumor that was also hypermetabolic on 
,8 FDG PET scan. This patient's course was remarkable for 
progressive worsening of neurologic and radiographic find- 
ings, and he died on hospice care 88 weeks after 13, I-labeled 
81C6 therapy. The second patient developed grade 3 cog- 
nitive toxicity 5 weeks after ,3, l-labeled 81C6 therapy. At 
that time, his MRI examination revealed enhancement 
extending into the corpus callosum. He also developed 
progressive neurologic deterioration and died 20 weeks 
after l31 l-labeled 81C6 therapy. 

New onset, controllable seizures developed in four pa- 
tients (12%) after ,3, I-labeled mu81C6 therapy. One of the 
four patients had biopsy-proven PD at the onset of seizures, 
whereas biopsy samples were not obtained from the remain- 
ing three patients. Worsening of pre-existing seizures oc- 
curred primarily in the setting of tumor progression. 

Other episodes of reversible grade > 3 toxicity occurred 
primarily during the chemotherapy phase of treatment and, 
therefore, were most likely unrelated to 81C6 therapy. They 
included grade 3 thrombosis (n = 3), grade 3 infection (n = 
2), grade 3 diarrhea (n = 1), grade 4 pulmonary toxicity (n 
= 1), and grade 4 hepatic (n = 1) toxicity. The grade 3 
diarrhea, which developed in a patient receiving a course of 
irinotecan, is a well-established toxicity of this agent. The 
episode of hepatic toxicity resolved after an anticonvulsant 
dosage modification, and the episode of pulmonary toxicity 
developed in a patient after an aspiration pneumonia. Two 
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Fig 1 . Kaplan-Meier overall survival estimates for (A) all patients and (B) 
after stratification by histology. 



additional patients died of infection while receiving sys- 
temic chemotherapy. 

Biopsies and Reoperation 

Sixteen patients (48%) underwent elective stereotactic 
biopsies for progressive clinical and/or radiographic 
changes. Nine biopsies showed gliosis and necrosis, and 
seven demonstrated recurrent tumor. Five of those with 
initial biopsies demonstrating gliosis and necrosis under- 
went additional elective stereotactic biopsies because they 
had progressive radiographic and/or clinical symptoms. 
Recurrent tumor was documented in three of these cases, 
whereas two again showed only gliosis and necrosis. Two 
patients underwent debulking resections to alleviate clinical 
deterioration and radiograph ically confirmed mass effect. A 
histopathologic sample from one of these patients revealed 



1394 



REARDON ET AL 





Fig 2. Serial MRI and ,8 FDG 
PET scan results of a representa- 
tive patient after 131 1 81C6 ther- 
apy. Over time, the SCRC gradu- 
ally collapses as the rim develops 
more prominent enhancement. 
Corresponding ,8 FDG PET scan 
images depicted below demon- 
strate a lack of increased meta- 
bolic activity in the region of the 
SCRC. 



gliosis with a small focus of well -differentiated glioma. This 
patient is currently 93 * weeks from diagnosis, has no 
evidence of recurrent tumor, and maintains a nearly full 
level of function, with only mild (grade 1) memory and 
speech deficits. The other debulking procedure was per- 
formed approximately 60 weeks from diagnosis and re- 
vealed evidence of recurrent tumor. 

Response/Survival Data 

Because all patients underwent total or near-total gross 
surgical resection, little or no residual tumor was detectable 
radiographicatly. Therefore, traditional radiographic inter- 
pretation of response was not feasible, and survival was the 
most important criterion for efficacy. Of the 33 patients 
treated on this protocol, 28 were clinically evaluated for at 
least 1 year. Two patients refused further treatment after 
13, I-labeled 81C6 therapy and three patients died 5, 8, and 
9 months after treatment. All patients showed some rim 
enhancement around and contiguous with the SCRC margin 
on the initial MRI after m I-labeled 81 C6 therapy. From 
each follow-up MRI, the SCRC volume and that of the 
enhancing rim were calculated. 

Eleven (33%) of the 33 patients are alive, including three 
of six with AA or AO and eight of 27 with GBM. The 
median survival after l3, I-labeled 81C6 therapy for all 
patients (Fig 1A) and the 27 patients with GBM (Fig IB) 
was 86.7 weeks (95% confidence interval, 76.7 to » weeks) 
and 79.4 weeks (95% confidence interval, 61.4 to * weeks), 
respectively. Median follow-up among surviving patients is 
93 weeks (range, 49 to 220 weeks). Cox's proportional 
hazards model was used to examine the effect of 13 1 1- 
labeled 81C6 absorbed and cumulative radiation doses to 
the 2 cm-thick SCRC interface on survival. Neither factor 



correlated with overall survival {P = .222 and P = .526, 
respectively). Biopsy-proven PD was local in all cases 
except one in which a biopsy-proven tumor recurrence 
developed in the contralateral hemisphere. Figure 2 demon- 
strates representative radiographic findings of a patient after 
l31 I-labeled 81C6 therapy. 

DISCUSSION 

The primary objective of the current phase II study was to 
assess the impact on survival of 120 mCi of ,31 I-labeled 
mu81C6 administered directly into the SCRC of newly 
diagnosed and previously untreated patients with malignant 
glioma. Our secondary objective was to further assess the 
feasibility and toxicity associated with this therapy among 
such patients. Overall, 33 patients were treated, including 27 
with GBM, four with AA, and two with AO. The most 
eligible patients were enrolled onto the study and received 
l3, I-81C6; however, a small percentage were ultimately 
excluded because of subgaleal leakage on the postoperative 
diethylenetriamine penta-acetic acid scan. A review of the 
last 36 consecutive patients meeting this study's eligibility 
criteria revealed that three (8%) were excluded for this 
reason. Of note, this development seemed to be related to 
the proximity of the SCRC to the CSF space rather than 
SCRC size. In fact, the SCRC of all three of these patients 
was less than 5 cm 3 . After administration of m I-labeled 
81C6 mAb, most patients received conventional external- 
beam radiotherapy followed by a year of alkylator-based 
chemotherapy. The average SCRC volume in this study was 
10.45 cm 3 (range, 0.5 to 30.5 cm 3 ), and the average 
radiation absorbed dose to the 2 cm-thick region surround- 
ing the cavity interface was 48 Gy (range, 24 to 116 Gy). 
Median survival was 86.7 weeks (range, 76.7 to * weeks) 
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for all patients and 79.4 weeks (range, 61.4 to » weeks) for 
those with GBM. Toxicity was primarily hematologic and 
neurologic, as predicted by our prior phase I study. Revers- 
ible grade 4 hematologic toxicity developed in nine patients 
(27%). Neurologic toxicity occurred primarily in the setting 
of PD documented by either biopsy or radiographic findings. 
However, five patients ( 1 5%) developed grade > 3 irreversible 
neurologic toxicity without evidence of tumor recurrence on 
stereotactic biopsy. 

The results of prior phase I clinical trials contributed to 
the design and implementation of the current study. In our 
initial phase I trial, 31 patients (18 with GBM) with either 
leptomeningeal neoplasms or brain tumor resection cavities 
with subarachnoid communication were treated with a 
single dose of intrathecal 13l l-labeled mu81C6. 23 Iodine- 
131 doses administered to patients ranged from 40 to 100 
mCi. Hematologic dose-limiting toxicity correlated with 
13 'I dose and occurred at an absorbed dose to active bone 
marrow of approximately .20 Gy. No grade HI or IV 
nonhematologic toxicity was encountered. One patient had 
a partial response, whereas 13 (42%) of 31 had disease 
stabilization. Twelve patients were alive (median follow-up 
> 320 days) and five were progression-free more than 409 
days median after treatment. From this study, we concluded 
that 80 mCi of 13, I-labeled 81C6 was the MTD when 
administered as a single intrathecal administration in adults. 

In a subsequent phase I study, 34 previously irradiated 
patients with recurrent or metastatic brain tumors (26 with 
GBM) received a single injection of l3, I-labeled mu81C6 
through an Ommaya reservoir into the SCRC. 5 Adminis- 
tered doses of l3l I-labeled 81C6 ranged from 20 to 120 mCi. 
Dose-limiting toxicity was neurologic and defined the MTD 
to be 100 mCi for recurrent patients. The estimated median 
survival for those patients with recurrent GBM and for all 
patients was 56 and 60 weeks, respectively. 

In a recently reported phase I study, 42 newly diagnosed, 
previously untreated patients with supratentorial primary 
malignant glioma (32 with GBM) received doses of 131 1- 
labeled mu81C6 directly into the SCRC via a Rickham 
catheter. 6 The average SCRC volume was 21 cm 3 (range, 2 
to 81 cm 3 ). l3I I-labeled 81C6 doses ranged from 20 to 180 
mCi and delivered an average 32 Gy (range, 2 to 59 Gy) to 
the 2 cm-thick region surrounding the cavity interface. 
Median survival for all patients and those with GBM was 79 
and 69 weeks, respectively. Dose-limiting neurotoxicity 
was observed at the following administered activities: one 
of seven patients at 120 mCi, two of three patients at 140 
mCi, two of seven patients at 160 mCi, and the sole patient 
treated with 180 mCi. The average absorbed dose to the 
2-cm shell from radiolabeled mAb therapy for these six 
patients was 46 Gy (range, 37 to 55 Gy). Of note, only one 



of the 42 patients (2.5%) required debulking surgery for 
radionecrosis. Non- dose-limiting, reversible, hematologic 
toxicity was observed in seven patients (grade 3, n = 5; 
grade 4, n = 2). Based on these results, an MTD of 1 20 mCi 
was established for newly diagnosed, previously untreated 
patients. Presently, nine patients in that study remain alive, 
including all five with AO and four with GBM. Current 
posttreatment survivals range from 130 to 367 weeks. 

Median survival in the current study exceeded that 
observed in our previous phase I trial, thereby further 
defining the efficacy of 13, I-labeled 81C6 administered into 
the SCRC of newly diagnosed malignant glioma patients. 
Irreversible treatment-related neurologic toxicity was asso- 
ciated with contiguity or immediate adjacency of the SCRC 
and respective functional CNS area. Specifically, each of 
the five patients with irreversible neuromotor toxicity in this 
study had an SCRC in direct proximity to the motor strip, 
whereas the anterior margin of the SCRC of the patient who 
also developed speech toxicity localized to the region of 
Broca's area. In addition, it is possible that the higher 
average radiation dose affecting the 2-cm SCRC shell (48 
Gy) compared with that achieved in the prior phase I trial 
(32 Gy) may have contributed to the neurologic toxicity 
observed in the current study. A recently completed dosim- 
etry analysis designed to evaluate the dose-response rela- 
tionship observed in our previous phase I study suggested 
that a boost dose of 43 Gy to the 2-cm SCRC shell optimally 
maximized tumor control and minimized brain injury. 
Moreover, 2-cm SCRC shell doses greater than 43 Gy were 
more frequently associated with brain injury, and tumor 
recurrence occurred more frequently when 2-cm SCRC 
shell doses were less than 43 Gy. 24 

Curran et al 25 used recursive partitioning to assess the 
prognostic impact of 26 pretreatment characteristics and six 
treatment-related variables for 1,578 newly diagnosed ma- 
lignant glioma patients entered onto three Radiation Ther- 
apy Oncology Group trials from 1974 to 1989. They 
confirmed age, histopathology, and performance status to be 
most predictive of survival. This analysis also determined 
survival rates for subsets of malignant glioma patients 
treated with conventional chemoradiotherapy, against 
which outcomes using novel therapeutic approaches could 
be compared. Such a comparison is limited by the sample 
size of our study and its exclusion of patients with rumors 
that are either diffusely infiltrating, multifocal, or accompa- 
nied by subependymal spread, but nonetheless suggests that 
the use of ,31 I-labeled 81C6 provides a survival advantage 
for patients stratified by age, histology, and performance 
status. Median survival was 87 weeks for the 1 1 patients in 
the current study who were less than 50 years old at 
diagnosis and had GBM, compared with only 55 weeks for 
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a similar cohort in the Curran et al 25 analysis (P < .05). 
Similarly, median survival was 65 weeks for the 16 GBM 
patients over 50 years old with a KPS ^ 70% in the current 
study compared with only 39 weeks for those reported by 
Curran et al (P < .05). 

Other investigators have documented improved survival 
associated with the local application of radiolabeled mAbs 
for patients with malignant gliomas. Riva et al 26 ' 27 injected 
l31 Mabeled antitenascin murine mAbs BC-2 and BC-4 into 
the resection sites of 74 newly diagnosed and recurrent 
glioblastoma patients in a phase II study. All patients 
received external-beam radiotherapy and systemic chemo- 
therapy before mAb therapy. The mean administered activ- 
ity was 2,035 MBq (approximately 55 mCi). Median sur- 
vival was 76 weeks, and no neurologic toxicity was 
encountered. In a pilot study for patients with malignant 
gliomas, individual patient responses were documented 
after intracystic injection of m l-labeled erythropoietin- 
induced c-DNA-1 murine mAb. 2s Hopkins et al 29 reported a 
median survival of 24 weeks among 15 primary brain tumor 
patients treated with intratumoral 90 Y-labeled erythropoie- 
tin-induced c-DNA-1 murine mAb. 

The 79.4-week median survival for patients with GBM in 
the current study compares favorably with that reported for 
either 125 I interstitial brachytherapy (IB) or stereotactic 
radiosurgery (SRS). Trials incorporating l25 I IB report a 
median survival of 48 to 88 weeks for newly diagnosed 
malignant glioma patients, 30 " 37 whereas those using SRS 
cite a 38- to 78-week median survival. 3840 However, 



reoperation to alleviate increasing mass effect and radiation 
necrosis was required in 33% to 64% of ,25 I IB cases and up 
to 33% of SRS patients. In contrast, only two (2.7%) of the 
75 newly diagnosed patients combined from our phase I and 
II ,31 I-labeled 81C6 trials required debulking resections for 
radionecrosis. In addition, median survival achieved in the 
current study with ,31 I-labeled 81C6 exceeds the 56 weeks 
reported with interstitial chemotherapy using carmustine- 
loaded polymers (Gliadel; Guilford Pharmaceuticals Inc, 
Baltimore, MD) placed in the surgical resection cavity at the 
time of primary operation for patients with newly diagnosed 
malignant glioma. 41 

In summary, 120 mCi of ,3, I-labeled mu81C6 mAb 
injected into the SCRC of newly diagnosed and previously 
untreated malignant glioma patients resulted in prolonged 
overall survival compared with that achieved with conven- 
tional therapy or interstitial chemotherapy. Our median sur- 
vival compares favorably with that reported for SRS or 125 I IB, 
and significantly fewer patients in our study required reopera- 
tion for symptomatic radionecrosis than reported for either 
SRS or l25 I IB. Observed hematologic toxicity and neurologic 
toxicity in this trial were acceptable. The latter may be further 
reduced by limiting 13, I-labeled 81C6 mAb therapy to those 
patients in whom the SCRC is not immediately adjacent to 
critical CNS functional centers. In this regard, we have begun 
to routinely use intraoperative cortical mapping to further 
delineate such patients. Overall, these results suggest that a 
randomized phase III trial is warranted. 
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SUMMARY 

The distribution of tenascin, an extracellular matrix protein highly expressed in the stroma around sites of epithelial- 
mesenchymal interaction during morphogenesis and in malignant neoplasms, was assessed in cryostat sections of 17 
basal cell carcinomas using a polyclonal antibody. There was marked staining of the vascularized stroma around 
neoplastic islands, usually as an intense, well-defined band, but being more widespread and diffuse in sclerosing, 
infiltrative areas. Apparently enhanced staining was seen in tumours showing retraction artefact, which may be related 
to the observation that tenascin interferes with the cell binding function of fibronectin. Reduced staining was seen in 
areas showing evidence of tumour regression. Tenascin is an important component of the epithelial-mesenchymal 
interactive process and further studies on its distribution in benign and malignant skin tumours are required. 

K£Y words— Basal cell carcinoma, tenascin, extracellular matrix, epithelial-mesenchymal interactions, immunohisto- 
chemistry, morphogenesis and differentiation. 



INTRODUCTION 

Basal cell carcinomas (BCCs) have a prominent 
vascularized, fibroblastic stroma around the neo- 
plastic cells, and it has been postulated that the 
characteristics and survival of the tumour are de- 
pendent on the presence and functional activity of 
;his stroma. 1 " 3 Some major components of the 
extracellular matrix have been described in BCC, 
the neoplastic islands being surrounded by an intact 
and generally well-developed basement membrane 
I containing immunoreactive fibronectin (FN), type 
\ IV collagen (CIV), and laminin (LM). 4 However, 
; relatively few other components of the stroma have 
been studied which would account for the peculiar 
, characteristics of this tumour. 
; Recently, another extracellular matrix protein — 
termed tenascin — has been described which appears 
: toplay a major role in normal morphogenesis. It is a 
glycoprotein found in induced mesenchyme in the 
early morphogenetic stages of development of lung, 
I kidney, gut, teeth, muscle, bone, skin, and breast. 5 "' 2 
i In the adult, it is located in more 'stable' sites such as 
j peritendinou s sheath, perichondrium, nerve sheath, 

I Addressee for correspondence: Dr G. W. H. Stamp, ICRF 
"Histopathology Unit, 35^3 Lincoln's Inn Fields, London 
!«2A 3PN.U.K. 
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and walls of blood vessels, 6 7 but is otherwise absent 
from most mature connective tissues. 5 

In neoplasia, tenascin is highly expressed in the 
stroma of breast carcinomas, but is apparently ab- 
sent from benign lesions such as hyperplastic nod- 
ules or fibroadenomas, 12 both by immunohistoche- 
mical analysis and by inhibition ELISA. 12 Tenascin 
binds to FN 10 and proteoglycan 5 and interferes with 
the cell binding function of FN, 14 stimulating the 
growth of mammary tumour cells in vitro, possibly a 
function of the EGF-like repeats contained in the 
molecular structure. 15 

In view of the apparent association of tenascin 
with sites of active mesenchymal induction in 
embryogenesis and neoplasia, this paper reviews the 
distribution of tenascin in BCC, a tumour with 
morphological evidence of epithelial-mesenchymal 
interaction, proposed to recapitulate adnexal 
morphogenesis. 10 



MATERIALS AND METHODS 

Seventeen BCCs were obtained immediately after 
excision, embedded in OCT compound, snap- 
frozen in liquid nitrogen -cooled isopentane, and 
stored at - 70°C for a maximum of 7 months. 
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Immunological reagents 

The antiserum to tenascin was a generous gift of 
Dr Ruth Chiquet-Ehrismann from the Friedrich 
Miescher-Institut, Basel and was raised in rabbits to 
tenascin purified from conditioned medium of chick 
embryo fibroblast cultures as previously described. 
It has been shown to cross-react with rat, mouse, 
and human tenascin. 12 Other reagents were 
obtained from Dakopatts, U.K., apart from poly- 
clonal antisera to laminin (BRL, U.S.A.) and type 
IV collagen (Eurodiagnostics, Holland). 

Immunohistochemical staining 

A standard peroxidase-antiperoxidase method 
was used. Briefly, 6 //m cryostat sections were 
mounted on poly-Mysine coated slides, post-fixed in 
acetone for 10 min, and treated with normal swine 
serum diluted 1:5 in PBS to reduce non-specific 
background staining. The sections were incubated 
with rabbit primary antisera diluted in PBS over- 
night at 4°C: anti- tenascin (1:160); anti-laminin (1: 
250 after protease digestion); anti-fibronectin (j: 
100), anti-type IV collagen (1:320). Swine anti- 
rabbit antiserum (1:120) was applied, followed by 
rabbit PAP complex (1:120), with three washes in 
PBS for 5 min between each step. The reaction prod- 
uct was revealed using DAB at a concentration of 
0-05 per cent in PBS. 

Positive control sections included two invasive 
ductal carcinomas of the breast, and a developing 
tooth germ from a neonatal rat. 12 A fibroadenoma 
was used as a negative control. Two normal skin 
samples were also examined. 

RESULTS 

Non-neoplastic skin 

Staining was absent or faint under the epidermis 
in normal skin and the uninvolved skin at the ex- 
cision margin of BCC. One or more eccrine sweat 
glands were present in 12 specimens and invariably 
showed a small amount of band-like staining on the 
adjacent stroma, up to 20 /mi in thickness, which 
was also seen around the duct. 

Hair follicles showed intense staining around the 
hair bulb and lower isthmus in anagen and telogen 
hairs. It was also present in the dermal papilla with a 
delicate, pericellular pattern similar to that seen for 
CIV and LM. Sebaceous glands showed a weak and 
inconsistent border around the periphery, with 
slightly more staining of the duct where it merged 
with that around the isthmus of the hair. 



Adipose tissue, dense collagen of the dermis, and 
actinically damaged collagen were all negative. The 
sheath of dermal nerves and muscular blood vessels 
also showed staining, and the smooth muscle of the 
arrector pili showed membrane positivity. 

Basal cell carcinomas 

All 17 BCCs showed enhanced staining of the 
peritumoural stroma compared with normal skin, 
but the level of intensity was highly variable, 
ranging from a thin, well-defined band under the 
peripheral basement membrane less than 20 im 
(Fig. 1), to widespread rather diffuse staining of the 
tumour-associated stroma (Fig. 2). 




Fig 1— A fairly narrow, well-defined band of tenascin siainine 
around a nodular BCC. Note the absence of staining around the 
sebaceous gland. Cryostat section (PAP) 

In most cases, the staining appeared lamellateA 
following the direction of fine collagen fibres, but 
not on the fibroblastic cells in between. There wasa 
sharply defined boundary between the unstained 
mature collagen in the adjacent dermis and the pen- 
tumoural stroma (Figs 1 and 2), except in three cases 
of fibrosing BCC where the staining gradually dim- 
inished, blending in with the more mature collagen. 




Fig. 2 — A rather wider 
trating the sub-epitheli. 
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Fig. 2— A rather wider band of staining around this BCC, illus- 
, (rating the sub-epithelial accentuation. Cryostat section (PAP) 



although still relatively intense immediately adjacent 
lo the infiltrating nests. 

The most striking and intense reactivity was seen 
in ten of the BCCs, which displayed a characteristic 
retraction artefact', and in two of these there was 
very strong fibrillar staining of the peritumour 
stromal collagen fibres (Fig. 3). In the illustrated 
example, there was also cytoplasmic staining of 
some of the tumour cells, most marked at the per- 
iphery, but this was not observed in any of the other 
16 cases. In the more common situation of areas 
showing focal marginal retraction, there was an 
apparent accentuation of the staining compared 
with k non-retracted' foci. This staining was repro- 
ducible, and did not appear to represent 'edge arte- 
fact', as the quality of the staining also differed 
markedly from non-specific uptake on tears and 
margins of the section elsewhere in the specimens. 
Moreover, there was a different distribution from 
that seen for CIV and LM, which labelled the base- 
ment membrane only on the stromal side of the 
clefts, and FN, which was maximal on the basement 
membrane, less intense on the peritumoural stroma, 
but also present on fibroblasts and endothelium in 
(he surrounding tissues. 
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Fig. 3— A focus of BCC showing marked retraction artefact, 
with intense staining of the peritumoural collagen fibres. Some of 
the tumour cells, especially at the periphery, show marked cyto- 
plasmic staining. Cryostat section (PAP) 



Regressive areas were seen in two cases of nodular 
BCC, and were associated with a reduction in stain- 
ing intensity in the areas of maximal lymphocytic 
infiltration, apart from a few collagenous strands. 



DISCUSSION 

Tenascin is clearly an important molecule in the 
chain of epithelial-mesenchymal interactions dur- 
ing development, morphogenesis, and neoplasia 5 " 14 
although its exact functional role has yet to be estab- 
lished. In contrast to the adhesion and structural 
molecules of the extracellular matrix, such as LM 
and CIV (and to a lesser extent FN), its expression is 
variable and appears to be greatest at the time of 
maximal cellular interaction, gradually reducing as 
tissues become more stable. 6 " 5 - 10 - 11 One function of 
tenascin may be to oppose the cell binding function 
of FN, enhancing cellular mobility rather than 
adhesion. 14 In neoplasia, tenascin is observed to 
be highly expressed in the stroma of malignant 
tumours, but not in benign tumours or hyper- 
plasias. 10,12 ' 13 However, it remains to be seen 
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whether this distinction applies to a wider range of 
tumours. 

In normal skin, the location of a narrow band of 
tenascin staining around blood vessels and nerves 
was consistent with the results of previous studies. 
In addition, there was staining around eccrine sweat 
glands and ducts which contrasted with the paucity 
of expression around sebaceous glands (apart from 
the duct). 

Tenascin has previously been noted around 
developing fetal rat vibrissae, 10 but its distribution 
of the adult has not been studied, to the author's 
knowledge. Its presence around the lower hair fol- 
licle and bulb is rJerhaps not surprising, especially 
within the dermal papilla, a site of intense morpho- 
genetic activity even in the adult, where CIV and 
LM are also highly expressed. 17 It may be significant 
that tenascin appears to have a growth promoting 
effect on tumour cells in vino and may be playing a 
similar role in hair growth, possibly a function of the 
EGF-like repeats within the molecule. 15 

Although tenascin was found around nearly all 
islands of BCC, the width of the stained mesenchyme 
did not appear to relate to any other morphological 
differences, even in the more invasive sclerotic forms 
where an increased level of fibroblastic activity 
might be expected, although the staining was much 
less defined in these areas. Tenascin was increased 
immediately adjacent to the epithelial elements, but 
only in one case did the neoplastic cells show consis- 
tent positive staining, in an area of prominent 
stromal retraction. Previous studies have indicated 
that tenascin is entirely mesenchymal in origin, but 
there is perhaps no reason to suppose that under 
certain circumstances epithelial cells may produce 
it, in a similar way that other extracellular matrix 
products such as LM, predominantly an epithelial 
product, can be elaborated by fibroblastic or other 
mesenchymal cells. 17,18 

Definite reduction in the overall staining intensity 
was seen in areas showing morphological evidence 
of regression. 19 There is other evidence that regres- 
sive foci in BCC show reduced proliferative activity 
and may account for this finding, but it could 
equally well be a consequence of degradative 
enzymes released by the inflammatory cells. 

The most striking observation was the increased 
level of staining around the retraction spaces. These 
appear to result from separation of the peripheral 
tumour cells from the basement membrane, and 
may be related to a defect in the hemidesmosomes. 
This may lead to a decreased level of adhesion in 
such areas and inability to interact with structural 



proteins of the extracellular matrix. Tenascin has 
previously been observed to provide a poor sub- 
strate for adhesion of tumour cells and has also been 
observed to be highly expressed in situations of 
increased cellular mobility and growth. 10 It may 
even actively interfere with the adhesive properties 
of FN. 14 These properties could therefore be con- 
nected with the increased level of staining around 
areas of retraction. 

It is clear from this study that tenascin is abun- 
dant in the stroma around basal cell carcinomas 
and must be playing a significant role in the active 
epithelial-mesenchymal interaction associated with 
this tumour. It is doubtful whether this evidence 
could be used to refute the argument that BCC is not 
a truly malignant neoplasm on the grounds that it 
is expressed in malignant but not in benign 
tumours, 12 ' 13 especially as few pathological situ- 
ations have yet been studied. The significance of this 
important extracellular matrix component will be 
clarified once its structure and function are 
established. 
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Summary. The distribution of two cellular fibronectins 
(cFn), tenascin, laminin, as well as type VII collagen 
was studied in 14 benign odontogenic tumours of epithe- 
lial (ameloblastoma) and epithelial-ectomescnchymal 
(ameloblastic fibroma) origins, as well as in developing 
human teeth by immunocytochemical means using 
monoclonal antibodies (Mabs). An extradomain se- 
quence-A-containing form of cFn (EDA-cFn) was seen 
in the extracellular matrix (ECM) of all tumours studied 
and in the mesenchyme of the developing tooth germs, 
indicating that cFn in these tissues are predominantly 
produced locally. A form of cFn containing an oncofetal 
domain (Onc-cFn), hitherto found only in carcinomas, 
was detected focally in the stroma of most ameloblasto- 
mas but was absent from ameloblastic fibromas and 
tooth germs. Tenascin was strongly expressed in the 
basement membrane (BM) zone of all odontogenic tu- 
mours and in that of the early tooth germs. Focal ab- 
sence of laminin and type VII collagen from the BM 
of some ameloblastomas and the presence of Onc-cFn 
in the ECM of most ameloblastomas may correlate with 
their aggressive behaviour. The results also suggest that 
EDA-cFn and tenascin arc involved in epithelial-mesen- 
chymal interactions during tooth development and in 
odontogenic tumours. 

Key words: Cellular fibronectin - Extracellular matrix 
-Odontogenic epithelium - Tenascin - Tumour stroma 



I Introduction 

J Matrix components are known to influence normal pro- 
| cesses of histodifferentiation and morphodifferentiation 
| during tooth formation (Ruch etal. 1983). The tissue 
interactions proposed have provided a basis for the 
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histological classification of odontogenic tumours (Pind- 
borg et ai. 1971 ; Reichart and Ries 1983). Odontogenic 
tumours are grouped, according to their putative origins, 
into epithelial, epithelial-ectomesenchymal, and ectome- 
senchymal neoplasms (Kramer et al. 1991). The roles of 
some extracellular matrix (ECM) proteins such as fibro- 
nectin, tenascin, and laminin in odontogenesis have re- 
cently been studied (Linde et al. 1982; Thesleff and Ek- 
blom 1984; Thesleff et al. 1979, 1981, 1987; Chiquet- 
Ehrismann et al. 1986) but the distribution of these pro- 
teins in odontogenic tumours has not been widely ex- 
plored (Thesleff and Ekblom 1984; Sauk 1985; Nadimi 
and Toto 1986). 

Cellular fibronectins (cFn) arc common in fetal tis- 
sues but absent from adult tissues. They are re-expressed 
in the stroma of malignant tumours (Matsuura and Hak- 
omori 1985; Vartio et al. 1987; Carnemolla et al. 1989). 
Cellular Fn differ from plasma fibronectin (pFn) in that 
extradomain (ED) sequences are included in the protein. 
These sequences may contribute to functional differences 
between pFn and cFn (Hynes 1985 ; Kornblihtt and Gut- 
man 1988). Differential glycosylation can also result in 
an oncofetal form of cFn (Onc-cFn). It has been sug- 
gested that Onc-cFn is strongly linked to human malig- 
nancy (Loridon-Rosa et al. 1990; Oyama et al. 1990). 

Tenascin is an ECM glycoprotein which appears to 
participate in regulation of cell morphology (Chiquct- 
Ehrismann 1990). It has a more restricted tissue distribu- 
tion than Fn and can interfere with the cell-binding func- 
tion of Fn (Chiquet-Ehrismann etal. 1988). Tenascin 
has also been shown to be induced in vitro by transform- 
ing growth factor-^ (TGF-jS) (Pearson et al. 1988). Ten- 
ascin is most typically expressed in areas of epithelial- 
mesenchymal interaction during development (Chiquet- 
Ehrismann etal. 1986; Ekblom and Aufdcrheide 1989) 
and in the stroma of carcinomas (Mackie etal. 1987; 
Inaguma etal. 1988; Stamp 1989; Anbazhagan etal. 
1990). 

Laminin is an integral component of the basement 
membrane (BM) (Martin and Timpl 1978). Type VII 
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collagen is the major protein of the anchoring fibrils 
(Sakai et al. 1986). Both help bind BM to its underlying 
stroma (Sakai et al. 1986; Lunstrum ct al. 1986). Studies 
indicate that BM constituents are altered in malignant 
tumours, according to their degree of differentiation 
(Liotta et al. 1980; Barsky et al. 1983), although in stu- 
dies on odontogenic tumours (e.g. ameloblastoma) a 
continuous laminin-immunoreactive BM has generally 
been noted (Thesleffand Ekblom 1984; Sauk 1985). 

ECM proteins have been shown to play important 
roles in cellular growth and differentiation by complex 
cell matrix interactions in normal organ development 
and tumour progression (Bruijn et al. 1988; Dvorak 
1988; Nagy et al. 1989). We therefore undertook detailed 
comparison of the distribution of two cFns (EDA-cFn 
and Onc-cFn), tenascin, laminin and type VII collagen 
in a series of odontogenic tumours and in human tooth 
germs at different stages of formation. 



Materials and methods 

Tumours. A total of 14 odontogenic tumours, comprising 1 1 ame- 
loblastomas and three ameloblastic fibromas. were studied (Ta- 
ble 1). Fresh tumour specimens were obtained during surgical re- 
moval. The samples were frozen promptly in liquid nitrogen and 
stored at -70° C until used. Cryostat sections (5 urn) from each 



Table 1. Histopathological and clinical information relating to 
ameloblastomas and ameloblastic fibromas studied 



Case diagnosis 


Age 


Sex 


Location 


1. 


Ameloblastoma, 
granular cell 


37 


F 


Mandible, 
primary 


2. 


Ameloblastoma, 
plexiform 


74 


F 


Maxilla, 
1st rec. 


3. 


Ameloblastoma, 
granular cell 


40 


F 


Mandible, 
3rd rec. 


4. 


Ameloblastoma, 
plexiform 


73 


M 


Mandible, 
1st rec. 


5. 


Ameloblastoma, 
mixed 


72 


M 


Mandible, 
primary 


6. 


Ameloblastoma, 
acanthomatous 


73 


M 


Mandible, 
primary 


7. 


Ameloblastoma, 
plexiform 


58 


M 


Maxilla, 
primary 


8. 


Ameloblastoma, 
plexiform 


54 


M 


Mandible, 
1st rec. 


9. 


Ameloblastoma, 
plexiform 


39 


M 


Mandible, 
primary 


10. 


Ameloblastoma, 
mixed 


49 


M 


Mandible, 
primary 


11. 


Ameloblastoma, 
plexiform 


59 


F 


Mandible, 
1st rec. 


12. 


Ameloblastic fibroma 


14 


F 


Maxilla, 
primary 


13. 


Ameloblastic fibroma 


9 


M 


Mandible, 
primary 


14. 


Ameloblastic fibroma 


4 


M 


Maxilla, 
primary 



tumour were cut and mounted on clean objective slides for indirect 
immunofluorescence staining, or on poly-L-lysine-coated slides for 
immunoperoxidase technique. 

Fetal tooth germs. Six mandibular specimens from 13-20 gestation- 
al-week-old human (gwh) fetuses were included in the study. These 
specimens were obtained in connection with legal abortions, after 
permission had been obtained from the Ethical Committee of the 
hospital. The samples were snap-frozen in freon cooled in liquid 
nitrogen, and were stored at — 70° C until required. Cryostat sec- 
tions were cut from each mandible as described above. The sections 
contained tooth germs at the cap, bell and appositional stages 
of development. 

Immunocytochemistry. Monoclonal antibodies Mab 52DH1 against/ 
F.DA-cFn (Vartio et'al. 1987), Mab FDC6 against Onc-cFn (Mat- 
suura and Hakomori 1985), Mab 100EB2 against tenascin (How- 
eedy et al. 1990) and rabbit antiserum against laminin (Liesi etal. 
1983) have been characterized previously. These antibodies were 
applied to frozen sections, followed by a secondary antibody, fluo- 
rescein-isothiocyanate-couplcd (FITC) goat antimouse IgG (Cap- 
pel Laboratories, Organon Teknika. West Chester, Pa, USA) or . 
FITC-coupled goat antirabbit IgG (Cappcl). By immunofluores- 
cence microscopy, controls involved omission of the primary anti- 
bodies or their replacement with a Mab to a placental protein. 
After washing and embedding, the samples were examined in a 
Zeiss Axiophot microscope equipped for UV light and phase-con- 
trast illumination. 

The distribution of type VII collagen was demonstrated using 
Mab LH 7.2 (Leigh et al. 1987) and an immunoperoxidase tech- 
nique. The sections were first exposed to Mab LH 7.2 followed 
by biotinylated antimouse IgG and streptavidin-peroxidase com- 
plex (Amersham International pic, Amersham, England). Diamino- 
benzidine with hydrogen peroxide was used as a chromogen and 
sections were counterstained with Harris's haematoxylin. In every 
case a negative control involved substitution of phosphate-buffered 
saline for the primary antibody and, in most cases, a section was 
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Fig. 1. Immunoblotting of the SDS-PAGE separated polypeptides 
of two ameloblastomas (lanes 1-3 and lanes 4-6) with Mabs against 
tenascin (100EB2) and EDA-cFn (52DH1). Mab 100EB2 reacts 
with two polypeptides of Mr 250000 and 180000 (lanes 2 and 5) 
while Mab 52DH1 reacts with a single polypeptide of Mr 240000 
(lanes 3 and 6). Lanes 1 and 4 show the corresponding amido-black 
staining for proteins. The molecular weights of the marker proteins 
are indicated on the left side. Minor extra bands seen in the blots 
are due to degradation of ECM proteins 
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fig. 2. EDA-cFn A-D, Onc-cFn E-F and tenascin G-H in amelob- 
istic fibroma A, B, H and ameloblastoma C, D, E, F, G. A Ame- 
oblastic fibroma exhibits a weak immunoreaction for EDA-cFn 
a the ectomesenchymal tumour tissue. B Phase-contrast micro- 
be view of the same field. C The stromal area of a plexiform 
meloblastoma exhibits strong reactivity for EDA-cFn. D Phase 
.ontrast microscopy view of the same field. E Heterogenous fibril- 
if immunoreactivity for Onc-cFn is present focally in the tumour 



stroma of a recurrent plexiform ameloblastoma. F Phase contrast 
view of the same field. G The fibrous stroma of an ameloblastoma 
exhibits a uniformly bright reaction for tenascin. G Patchy immu- 
noreaction for tenascin is seen in ectomesenchymal tissue compo- 
nent of ameloblastic fibroma. Note the positively outlined base- 
ment membranes in otherwise negative epithelial islands in H. om = 
odontogenic ectomesenchymal tumour tissue. 5 = stroma, oe = 
odontogenic tumour epithelium, Bars: A-H= 100 |im 



104 



C 



sr 



incubated with an antikeratin antibody LP2K (Amersham), which 
was invariably positive in the odontogenic epithelium (Morgan 
etal. 1987). During each set of incubations with Mab LH 7.2 a 
section with oral mucosa was included to provide a positive tissue 
control. 

Immimoblotting analysis. EDA-cFn and tenascin were detected in 
two ameloblastomas by dissolving small pieces of the tissue in 
the electrophoresis sample buffer (Laemmli 1970). The polypep- 
tides were separated using sodium dodecylsulphate polyacrylamidc 
gel electrophoresis (SDS-PAGE) using 6.5% slab gels under reduc- 
ing conditions according to Laemmli (1970). The polypeptides were 
then transferred on to nitrocellulose sheets (Towbin etal. 1 987) 
which were then exposed to the monoclonal antibodies and the 
appropriate peroxidase-coupled conjugate (Dakopatts, Glostrup, 
Denmark) or were stained for protein using amido black. 

Immunoblotting of two of the ameloblastomas (Fig. 1, lanes 
1-3, case 3; lanes 4-6, case 4) revealed distinct polypeptides of 
Mr 250000 and 180000, respectively, with Mab 100EB2 (Fig. J, 
lanes 2, 5). Mab 52DH1 gave a prominent reaction with a polypep- 
tide of Mr 240000 (Fig. 1, lanes 3, 6). 



Results 

Odontogenic tumours 

Histological findings. The stroma of the odontogenic epi- 
thelial tumours (ameloblastoma) analysed was that asso 
dated with the epithelial components rather than the 
usually denser and more collagenous tissue near the pe- 
riphery of the lesion. Both cellular and extracellulai 
components of the ameloblastoma stroma exhibited con- 
siderable diversity. There were variations in the shapes 
and densities of the fibroblasts, in the consistencies of 
fibrous tissue, in the extents of the peri-epithelial hyalin> 
zation, and in the presence or absence and distributioa* 
of inflammatory infiltrate. Stromal degeneration, in 
some instances accompanied by early cyst formation, 
was present in half of the cases. 

Ameloblastic fibromas consisted of dental papilla-like 
delicate tissue and cellular neoplastic ectomesenchymai 







Fig. 3. Laminin A and C and type VII collagen B and D in amelob- 
lastic fibroma A, B and ameloblastoma C. D. A Basement mem- 
brane (BM) of epithelial component of the ameloblastic fibroma 
exhibits a strong linear staining pattern for both laminin and type 
VII collagen B. C The BM of a plexiform ameloblastoma exhibits 



a generally continuous immunoreaction for laminin. D Marked 
type VII collagen-positive and negative (arrows) areas in the BM 
zone are present in a mixed acanthomatous, plexiform and follicu- 
lar variant of ameloblastoma. Bars: A-D= 100 urn 




Fig. 4. EDA-cFn 
human tooth gen 
intense reaction f 
ectomesenchyme a 
for EDA-cFn in i 
(arrow in A) and : 
in B). C There is 
in the dental papi 
that the follicle is 



genie cpi- 
that asso- 
than the 
ir the pe- 
racellular 
>ited con- 
le shapes 
:encies of 
il hyalini- 
;tribution 
ation, in 
>rmation, 

•pilla-like 
inchymal 




lfig.4. EDA-cFn A, C, G and tenascin B, D, H in developing 
uman tooth germs. A Faint staining for EDA-cFn and a more 
Marked uense reaction for tenascin B are present in the dental papilla 
the BM .^mesenchyme at the early bell-stagc. Note the marked reactivity 
d follicu- EDA-cFn in the capillary endothelia of the developing pulp 
mow in A) and intense staining of the BM for tenascin (arrows 
a B). C There is positive staining for EDA-cFn and tenascin D 
.Tihe dental papilla ectomesenchyme at the late bell-stage. Note 
hat the follicle is positive for EDA-cFn but negative for tenascin 



(arrows in D). E Corresponding-phase contrast view for C and 
D. G Intense staining of the dental papilla at the stage of dental 
hard tissue formation is shown for EDA-cFn and tenascin 11. Dif- 
ferentiated odontoblasts are devoid of both proteins but predentin 
is positive for EDA-cFn G. F Phase-contrast view for G and H. 
y = follicle, eo- enamel organ, dp = dental papilla, sr = stellate retic- 
ulum, a = ameloblasts, o = odontoblasts, pd= predentin, Bars: A, 
B = 100 urn, C-H = 200 urn 
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tissue with plump, prominent nuclei, and strands and 
islands of odontogenic epithelium. In some areas a zone 
of hyalinization surrounded epithelial nests. These neo- 
plastic components formed discrete areas separated from 
each other by bands of less cellular, collagenous fibrous 
tissue. All three ameloblastic fibromas were free of in- 
flammation. 

EDA-cFn. Two ameloblastic fibromas (cases 13 and 14) 
revealed notably weak immunoreactivity in ectomesen- 
chyme (Fig. 2A-B) for EDA-cFn. The third tumour 
(case 12) was brightly positive. All ameloblastomas stud- 
ied, i.e. those with a stroma of dense cellular fibrous 
tissue (Fig. 2C-D, case 4) and those with looser, fibrous 
stroma exhibited immunoreactivity for EDA-cFn. 

Onc-cFn. Focal immunoreactivity for Onc-cFn was seen 
in stromal areas of 10/11 ameloblastomas studied 
(Fig. 2E-F, case 4) but the ectomesenchymal and epithe- 
lial tumour components of all ameloblastic fibromas 
were negative. 

Tenascin. Tenascin immunoreactivity was found in the 
stromal or ectomesenchymal components of all amelob- 
lastomas (Fig. 2G, case 13) and ameloblastic fibromas 
(Fig. 2H, case 12) studied. Basement membranes (BM) 
surrounding epithelial tumour follicles were clearly out- 
lined. All epithelial structures remained negative. 

Laminin and type VII collagen. Laminin and type VII 
collagen immunoreactivities had almost identical distri- 
butions. The BM of the odontogenic epithelial cords 
and islands of all ameloblastic fibromas studied exhib- 
ited an intense, positive linear staining pattern with both 
antibodies (laminin, Fig. 3 A, case 14; type VII collagen, 
Fig. 3B, case 12). The majority of the ameloblastomas 
showed staining of a continuous BM with both anti- 
bodies used (laminin, Fig. 3C, case 4). Focal loss of reac- 
tivity with antibodies to laminin and type VII collagen 
was detected in the BM zone of 6/11 ameloblastomas 
(Fig. 3D, case 5). 

Developing tooth germs 

EDA-cFn. In the cap stage of tooth development (13-14 
gwh) the dental papilla ectomesenchyme was devoid of 
immunoreactivity. Faint staining was seen, however, in 
the condensed mesenchyme surrounding the tooth germ 
proper, and in the stroma surrounding the dental lamina 
and underlying the oral surface epithelium. 

In the early bell stage, a faint immunoreaction was 
seen in the dental papilla ectomesenchyme. A very strong 
staining reaction was observed in the dental papilla cap- 
illary endothelia (Fig. 4 A, 16 gwh). The dental follicle 
tissue and the mesenchyme next the dental lamina were 
more strongly reactive than in the cap stage. In the late 
bell stage the dental papilla ectomesenchyme had be- 
come more immunoreactive. The BM of the epithelial 
enamel organ was also faintly labeled. However, staining 
intensity remained relatively modest throughout the bell 
stage, except for the capillaries, which were brightly im- 



munoreactive (Fig. 4C, 19 gwh). As tooth developraen 
reached the stage of early predentin secretion, the coron- 
al portion of the dental papilla and the predentin becamt 
brightly immunoreactive. The differentiated odontob- 
lasts remained negative (Fig. 4G, 19-20 gwh). 

The dental follicle mesenchyme and the developim 
capillaries gave positive staining reactions throughom 
the period of tooth development studied. The intensity 
of staining was generally stronger than that of denta! 
papilla ectomesenchyme. The epithelial tissue compo- 
nents, and dentin and enamel matrix remained unequiv- 
ocally negative. 

Onc-cFn. The Mab FDC-6 gave uniformly negative 
staining reactions in tooth germs and their adjacent tis- 
sues in all fetal mandibular specimens studied. 

Tenascin. In the cap stage of tooth development the den- 
tal papilla ectomesenchyme was faintly immunoreactive.. 
The BM surrounding the tooth germ and the oral surfact 
epithelium were clearly outlined by a positive continuous 
staining reaction. The condensed mesenchyme surround- 
ing the tooth germ was positive for tenascin. 

In the early bell stage the dental papilla, follicle tissue, 
and the BM were brightly immunoreactive (Fig. 4B, 16 




Fig. 5. Immunoperoxidase staining for type VII collagen in the " 
late bell stage tooth germ gives a strong reaction in the denial 
lamina basement membrane (BM) (large arrows), marked positive 
reaction in the outer enamel epithelium BM (arrowheads) and a 
weak immunoreaction in the inner enamel epithelium BM (waff 
arrows). dl = dental lamina, /= follicle, oe- outer enamel epithet- , 
urn, sr- stellate reticulum, ie = inner enamel epithelium and dp= 
dental papilla. Bar: 400 um 
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wh). By the late bell stage the dental papilla ectomesen- 
:hyme was less immunoreactive than at the earlier bell 
stage, and the follicle surrounding the tooth germ was 
ievoid of tenascin reactivity. Nondental mesenchyme re- 
tained positive, however (Fig. 4D, 19 gwh). Intense 
fining was seen throughout the dental papilla ectome- 
:*nchyme at the apposition stage (Fig. 4H, 19-20 gwh). 
.[he odontoblasts and the follicle surrounding the devel- 
oping tooth were devoid of tenascin. The predentin, den- 
in and enamel matrix were also negative. 

kminin and type VII collagen. All basement membranes 
of developing tooth germs studied exhibited continuous 
positive staining patterns with both antibodies. How- 
:-rrer, type VII collagen exhibited different intensities 
jmongst BM of several enamel organ components. The 
M surrounding dental lamina was strongly immunore- 
jciive. That of the outer enamel organ displayed a 
'waker staining reaction. The reaction was weaker still 
a the BM of the inner enamel epithelium (Fig. 5, late 
!dl stage, 17-18 gwh). 



;\lthough there are many histological similarities be- 
l Mtn odontogenic tumours and normally developing 
teeth, it is important not to exaggerate their significance 
.a attempting to assess tumour behaviour. The study 
jeported here and previous studies indicate that some 
pCM proteins play major roles in developmental tissue 
nteractions (Ruch et al. 1983; Kornblihtt and Gutman 
988; Ekblom and Aufderheide 1989). Other ECM pro- 
;ins, e.g. Onc-cFn, may also influence, or be influenced 
jy, neoplastic growth (Dvorak 1988; van den Hooff 
!988; Loridon-Rosa et al. 1990; Oyama et ah 1990). In 
■M immunocytochemical study we detected some con- 
sistent differences between ECM proteins in normal 
ooth germs and odontogenic tumours and also between 
k types of tumours studied. 

I Most odontogenic tumours are essentially benign, or 
jii most locally aggressive (Lucas 1984; Regezi and 
'iciubba 1989). Ameloblastic fibroma is a rare epithelial- 
komesenchymal odontogenic tumour, occurring most 
»mmonly in childhood and adolescence. It is character- 
zed by two components, including an immature ectome- 
ienchymal tissue, resembling dental papilla, and odonto- 
genic epithelial strands and islands. Ameloblastoma is 
Wily a more infiltrative tumour, with a greater ten- 
ancy to recur but not to metastasize. It is an epithelial 
jeoplasm, possibly of ameloblastic origin. Ameloblasto- 
ma is characterized by odontogenic neoplastic epitheli- 
um with mature connective tissue stroma. It would have 
sen helpful to have included some malignant odonto- 
pic tumours in this study but, as they are so rare, 
iesh tissue is very rarely available. We also studied the 
|:CM of human fetal tooth germs on the basis that they 
;«ould contain the normal counterparts of the compo- 
rts of odontogenic tumours. 

j A previous study of Fn expression in ameloblastoma 
Suggested that it would be a blood-borne product of 
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their stroma (Nadimi and Toto 1986). In the study re- 
ported here, in which we used Mab 52DH1 , which reacts 
with cFn but not with pFn, it was shown that Fn in 
the stroma of ameloblastoma and neoplastic ectomesen- 
chyme of ameloblastic fibroma is predominantly of cel- 
lular type. EDA-cFn was seen equally in ameloblasto- 
mas with focal inflammation and in those free from it, 
suggesting that Fn is most likely produced locally by 
tumour cells or activated cells in their stroma. Studies 
by Peltonen et al. (1988) have shown that Fn in the stro- 
ma of basal cell carcinomas is of cellular type. These 
investigations also showed, using in situ hybridization, 
that Fn mRNA is synthesized predominantly by epitheli- 
al tumour cells (Peltonen et al. 1988). Individual cells 
responsible for Fn synthesis in odontogenic tumours re- 
main to be identified. 

Our results, showing that cFn in developing teeth 
is particularly concentrated in the blood vessel walls of 
dental papilla, and in BM and predentin zones, are in 
line with those in previous studies (Thesleff et al. 1979, 
1981 ; Linde et al. 1982; Nadimi and Toto 1986). Because 
mature odontoblasts and mineralized dentine are nega- 
tive for Fn, it has been suggested that Fn is not directly 
involved in dental mineralization but has an important 
role in the differentiation and maturation of odontob- 
lasts. Two of the three ameloblastic fibromas exhibited 
faint positive reactions in their ectomesenchymal neo- 
plastic tissue, with patterns similar to that of dental pa- 
pilla in early tooth development. This is in keeping with 
the concept that the ectomesenchymal component of at 
least some ameloblastic fibromas has undergone some 
of inductive changes to form dental hard tissue and is 
thus developing towards ameloblastic fibro-odontoma 
(Regezi and Sciubba 1989). 

It has been suggested that the presence of EDA-cFn 
(Vartio etal. 1987) and particularly that of Onc-cFn 
(Matsuura and Hakomori 1985; Carnemolla et al. 1989; 
Loridon-Rosa etal. 1990; Oyama etal. 1990), in the 
stroma indicate the presence of a malignant epithelial 
phenotype. As with tenascin, both Fns can be detected 
in embryonic tissues but are poorly expressed (in the 
case of EDA-cFn) or completely lacking (Onc-cFn) in 
normal adult tissues. It is interesting that EDA-cFn was 
found in both ameloblastoma and ameloblastic fibroma, 
generally considered as benign neoplasms. Onc-cFn was 
not found in ameloblastic fibroma but was focally pres : 
ent in ameloblastoma, which is a neoplasm with an ag- 
gressive behaviour, given to local infiltration and recur- 
rence. In contrast, Onc-cFn was completely absent from 
the developing human tooth germ and is therefore pre- 
sumably not involved in normal tooth development. Ex- 
pression of Onc-cFn in some odontogenic tumours 
might therefore be associated with events in oncogenic 
transformation which activate regulation of altered 
splicing, leading to a functionally more aggressive neo- 
plasm, as has been demonstrated with mammary tu- 
mours (Loridon-Rosa et al. 1990). 

The results of studies of tenascin distribution in hu- 
man solid epithelial neoplasms suggest that tenascin is 
expressed only in malignant tumours, such as mammary 
carcinoma (Mackie et al. 1987), basal cell carcinoma 
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(Stamp 1989) and squamous cell carcinoma (Anbazha- 
gan etal. 1990) and is absent from benign tumours 
(Mackie etal 1987; Imaguma et al. 1988). However, it 
is evident that too few neoplasms have been studied so 
far to allow tenascin expression to be unequivocally re- 
lated to malignancy. Some recent publications have chal- 
lenged such a black-and-white view (e.g. Howeedy et al. 
1990). Tenascin expression has been strongly linked to 
epitheliai-mesenchymal interactions in neoplastic trans- 
formation and to organogenesis of, for example, the kid- 
ney (Aufderheidc ct al. 1987), hair follicles and the mam- 
mary gland (Chiquet-Ehrismann etal. 1986) and teeth 
(Chiquet-Ehrismann eta). 1986; Thesleff et al. 1987). 
Both types of odontogenic tumours studied expressed 
tenascin indicating active epitheliai-mesenchymal inter- 
actions. 

In developing human tooth germs tenascin was found 
in the ectomesenchyme of dental papilla throughout the 
developmental span studied, and in dental BM prior 
to hard tissue formation. These results are essentially 
in line with findings of Thesleff et al. (1987) on mouse 
tooth development. The latter proposed that the pres- 
ence of tenascin is necessary for the differentiation of 
dental papilla cells into odontoblasts. Ameloblastic fi- 
bromas exhibited an immunoreactivity for tenascin in 
their BM zones in a similar fashion as during early tooth 
development. Expression of tenascin in ameloblastoma 
was seen throughout the stromal tissue. This difference 
may be related to the capacity of some ameloblastic fi- 
bromas to form dental hard tissues. Ameloblastomas 
lack this capacity. 

Tenascin appears to have a growth-promoting effect 
on tumour cells in vitro (Chiquet-Ehrismann et al. 1986; 
Stamp 1989). It is interesting, in this connection, that 
tenascin has been shown to share sequence homology 
with epidermal growth factor (EGF) (Pearson etal. 
1988; Engel 1989). Tenascin expression in odontogenic 
tumours could therefore be related to its growth-pro- 
moting effect in an EGF-like fashion, Partanen et al. 
(1985) have shown that EGF inhibits cell differentiation 
in mouse embryo teeth in vitro, and stimulates the prolif- 
eration of undifferentiated mouse tooth-germ cells (Par- 
tanen and Thesleff 1987). It could therefore be hypothe- 
sized that tenascin expression in odontogenic neoplasms 
is related to growth regulation and the fetal phenotype 
of neoplastic cells. It would seem that in odontogenic 
tumours tenascin expression cannot be used as a marker 
of their clinical behaviour as may be the case with Onc- 
cFn. 

During development, laminin is largely a soluble pro- 
tein with a greater repertoire of functions than in adult 
BM, for instance, in the polarization of epithelial cells 
(Ekblom 1989). Very similar patterns of staining for la- 
minin in the BM zones of developing tooth and amelob- 
lastic fibroma suggest similarities in cellular functions. 
There has been a recent resurgence of interest in the 
integrity of BM components in carcinomas (D'Ardenne 
1989). The general picture is that more aggressive or 
high grade neoplasms exhibit greater disruption of BM 
(Visser etal. 1986; Nakamura etal. 1987; Schmockel 
etal. 1989; Richards and Furness 1990). Farman etal. 



(1986) have reported marked interruptions in the basal 
lamina of an ameloblastic fibroma at ultrastructural lev- 
el. However, the BM zone of all ameloblastic fibromas 
in the study reported here was found to be intact as 
revealed by laminin and collagen VII antibodies. In con- 
trast to previous results relating to laminin (Thesleff and, 
Ekblom 1984; Sauk 1985), some ameloblastomas in the 
tumours we studied exhibited focal loss of laminin and 
type VII collagen in the BM zone. No clear association 
could be observed between the presence of inflammatory 
infiltrate and the degree of loss of reactivity for these 
proteins. Disruption of BM may thus be related to the 
more aggressive nature of ameloblastoma, which is also* 
supported by the expression of Onc-cFn in the stroma 
of most ameloblastomas studied. 
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To investigate the involvement of tenascin, an extracellular matrix glycoprotein, in epithelial 
growth and malignancy, its specific distribution pattern in the human uterus was examined 
immunohistochemically. During the proliferative phase of the menstrual cycle, this antigen was 
found as a sharp band around the endometrial glands. The immunoreactivity persisted until the 
early postovulatory phase of the menstrual cycle, but was not detectable in the glandular or stromal 
compartment during this later secretory stage, instead endometrial arterioles were immunostained. 
In marked contradistinction, when antibodies directed against tenascin were applied to sections of 
endometrial adenocarcinoma, almost the entire extracellular space stained, whereas the neoplastic 
cells themselves were nonreactive, whatever the degree of tumor differentiation. In precancerous 
proliferative lesions of the endometrium, tenascin's presence was variable. It was detectable around 
some superficial glands demonstrating cystic hyperplasia and around all deeply situated glands at 
the endometrial/myometrial interface. In cases of adenomatous hyperplasia, tenascin immunolo- 
calized throughout the extracellular space of the stroma and the staining intensity was increased 
as the hyperplasia became more atypical. We therefore conclude that tenascin may be a stromal 
marker for epithelial proliferative states including those associated with malignancies of the 
endometrium. 

Additional key words: Uterus, Epithelial/mesenchymal interaction, Extracellular matrix, Cell 
adhesion. 



Tenascin, originally described as myotendinous anti- 
gen (3, 4) is a recently characterized extracellular matrix 
glycoprotein. It has been concomitantly described and 
characterized under a series of different names and by a 
variety of authors (for review, see Erickson and Lightner) 
(10). Its DNA sequence is now known (12). Tenascin is 
intimately involved in tissue interactions during fetal 
development and oncogenesis (5). Tenascin appears to 
mediate epithelial/mesenchymal interactions during kid- 
ney, tooth, and mammary gland development by inhib- 
iting, in part, the binding of cells to fibronectin (6,13, 
21). Such tissue interactions are equally as important for 
normal embryonic development as they are for altered 
growth seen in neoplastic states (20). Furthermore, ten- 
ascin has been described as a stromal marker for epithe- 
lial malignancies (17). 



Human endometrial tissue, which is mainly composed 
of glandular epithelial cells and mesenchymal stromal 
cells, undergoes cyclic, hormonally-dependent changes of 
growth and development. This process is essentially pro- 
liferative during the first half and maturational (differ- 
entiative) during the second half of the menstrual cycle. 
It therefore can serve as an interesting and important 
model system to test whether tenascin is associated with 
any of these processes. Additionally, due to relative high 
incidence rates of endometrial carcinoma and its precur- 
sor lesions in western societies, the appearance of ten- 
ascin during neoplastic progression can be assessed. The 
aims of this study were therefore to investigate the 
involvement and possible functions of tenascin in both 
the hormonally regulated processes of growth and differ- 
entiation during the menstrual cycle, and during the 
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development of altered proliferative states in the endo- 
metrium up to and including endometrial carcinoma. 

EXPERIMENTAL DESIGN 
Human uteri were obtained immediately after surgical 
removal. These organs were removed for a number of 
different pathologic conditions ranging from descensus 
uteri to invasive endometrial carcinoma. Representative 
sections of 18 normal proliferative phase, 4 normal se- 
cretory phase, and 10 adenocarcinoma specimens of the 
endometrium were frozen at -80° C. These later 10 
neoplastic cases often had associated hyperplastic foci in 
adjacent regions. An additional set of 9 proliferative, 5 
secretory, and 12 other endometrial samples were em- 
bedded in paraffin after fixation in buffered 10% for- 
malin. Specifically, these later cases were composed of 3 
cases of cystic hyperplasia, 3 cases of (simple) adenom- 
atous hyperplasia, 2 cases of atypical adenomatous hy- 
perplasia and 3 cases of adenocarcinoma. In addition, 1 
case showed progression from adenomatous hyperplasia, 
through atypical adenomatous hyperplasia to adenocar- 
cinoma in juxtaposition on the histologic slides. Im- 
munostaining with the polyclonal antibodies against ten- 
ascin was performed with an indirect immunohistochem- 
ical procedure on B-^m thick frozen sections and by a 
number of standardized techniques on thick par- 
affin sections. 

RESULTS AND DISCUSSION 
All tenascin stained cryostat sections could be evalu- 
ated. While some paraffin embedded uterine tissue sam- 
ples did not react with the rabbit anti-chicken tenascin 
antibody, all showed immunoreactivity in the presence 
of the rabbit anti-human tenascin. The resolvable stain- 
ing pattern did not differ significantly when comparing 
the two fixation methods and the two applied antibodies. 

Tenascin in Normal Endometrium 

The human endometrium undergoes cyclic, hormon- 
ally-dependent changes of proliferation and differentia- 
tion. During the first half of the menstrual cycle, estro- 
gens stimulate growth of the endometrium in a receptor- 
dependent process. During this phase, we found tenascin 
located as an intense fine band around the endometrial 
glands and as a rather diffuse and slight blush (minimally 
elevated above background) within stroma (Fig. lo). This 
pattern was more prominent in the more superficial 
(functionalis) region of the endometrium as compared 
with the basalis portion. During the second half of the 
menstrual cycle, under the influence of progestins, en- 
dometrial tissue becomes transformed into its differen- 
tiated, secretory phenotype. During this period, tenascin 
stainability which at first persisted around the glands 
(Fig. 16) completely disappeared from the endometrium 
(Fig. lc). Endometrial arterioles in the functionalis layer, 
previously unrecognizable, now stained intensely (Fig. 
Id). The visible number of vessels was increased signif- 
icantly in tissue undergoing decidualization (figure not 
shown). Smooth muscle cells in the vascular wall of 
myometrial blood vessels were immunoreactive in all 
cases studied but varied in intensity (Fig. le). Whether 
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or not tenascin can be used as marker for angiogenesis 
remains to be determined. 

Endometrial Adenocarcinomas 

In sharp contrast to the normal endometrium, in en- 
dometrial adenocarcinomas, the entire extracellular 
space of the tissue surrounding the tumor cells was 
stained by anti-tenascin antibodies (Fig. 1/, and Fig. 2a, 
6, and c). The malignant epithelial cells themselves were 
nonreactive. The pattern of tenascin staining and 
stromal localization was not dependent on the degree of 
tumor differentiation (Fig. 2) nor on whether the tumor 
was primary or metastatic, although admittedly the num- 
ber of examined cases was small. 

Proliferative Lesions of the Endometrium 

In atrophic endometrial tissue, no tenascin reactivity 
was detectable in the endometrial stroma. Rare glands 
with a scattered distribution within the endometrium 
retained their stainability at the epithelial/stromal in- 
terface. In an endometrium affected by glandular cystic 
hyperplasia, tenascin was again located around glandular 
structures with an irregular distribution. In comparison 
to the few glands recognized in atrophic states, the 
number of glands showing immunoreactivity at the epi- 
thelial/stromal interface in cystic hyperplasias had in- 
creased. In all cases of adenomatous hyperplasia, the 
staining intensity at the glandular/mesenchymal inter- 
face was enhanced with a gradient of increased intensity 
toward the surface. In tissue sections demonstrating 
progressive changes from the hyperplastic state toward 
carcinoma, larger regions of the extracellular space be- 
came covered by tenascin with an increased staining 
intensity (Fig. 3a and 6). 

Discussion 

In the present study, we describe patterns of tenascin 
immunoreactivity and its correlation with normal endo- 
metrial growth during the menstrual cycle. We further 
go on to document tenascin immunolocalization in cases 
of endometrial adenocarcinoma and precancerous prolif- 
erative states. In the normal endometrium, we were able 
to detect the presence of tenascin during the proliferative 
phase of the menstrual cycle, but not after secretory- 
changes had occurred. As yet, we have no evidence to 
suggest that this is secondary to degradation of tenascin 
or if it reflects modifications of the carbohydrate moiety 
of the glycoprotein rendering it "invisible" to our im- 
munohistochemical techniques. Our findings do suggest 
however, the involvement of tenascin in the processes of 
proliferation, rather than differentiation. This is 
strengthened by our observation of an increased mesen- 
chymal reactivity in hyperplastic proliferative lesions of 
the endometrium. Indeed tenascin as a substrate has 
been shown to be growth stimulatory for mammary car- 
cinoma cells in vitro (7), while tenascin itself can be 
stimulated by transforming growth factor-^ (7, 19) a 
growth factor which is hormonally regulated in MCF-7 
breast cancer cells (9, 14). 

In endometrial adenocarcinomas, as in cancers of the 
breast (17), we find nearly all the extracellular space of 
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Fig. 1. Tenascin in the endometrium. The staining pattern ob 
tained with the rabbit anti-chicken tenascin antibody is shown, a, 



acquired its secretory phenotype, {arrow, immunostaining of arteriole 
is apparent). d, During the later phase, spiral arterioles are stained, e, 



During the proliferative phase of the menstrual cycle, tenascin is mainly I mmuno reactivity of smooth muscle cells in the vascular wall of my- 

concentrated around glands (arrow identifies a thin line of immuno- ometrial blood vessels. /, For comparison, the staining pattern of 

reactivity near the basement membrane); 6, the staining persists at tenascin in a frozen section of an endometrial adenocarcinoma is 

least until the early secretory phase of the menstrual cycle and, c, is shown. In this case the entire extracellular space of the stromal mes- 

absent in the functionalis of the endometrium after the tissue has enchyme is intensely positive. 



the stromal mesenchyme covered by tenascin. As tenas- 
cin has been described to inhibit cell attachment to 
fibronectin, in endometrial carcinomas tenascin may 
function as a substrate for tumor cells thereby interfering 
with their attachment to fibronectin. A correlation be- 
tween the appearance of tenascin and cell migration has 
already been observed during neural crest development 
(18). It is therefore possible that tenascin may modulate 



tumor cell invasion at either the attachment or migration 
steps of the process. 

It has been clearly shown for the developing mammary 
gland, the developing mouse kidney, and for mammary 
tumors, that it is the epithelium which induces the 
expression of tenascin in the stroma (1, 7, 13). Interest- 
ingly, this model of epithelial induction of tenascin in 
mesenchymal cells seems to be applicable to a variety of 
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FiG. 1. Tenascin in the endometrium. The staining pattern ob- 
tained with the rabbit anti -chicken tenascin antibody is shown, a, 
During the proliferative phase of the menstrual cycle, tenascin is mainly 
concentrated around glands (arrow identifies a thin line of immuno- 
reactivity near the basement membrane); o, the staining persists at 
least until the early secretory phase of the menstrual cycle and, c, is 
absent in the functionalis of the endometrium after the tissue has 



acquired its secretory phenotype, (arrow, immunostaining of arteriole 
is apparent), d, During the later phase, spiral arterioles are stained, e, 
Immunoreactivity of smooth muscle cells in the vascular wall of my- 
ometrial blood vessels. /, For comparison, the staining pattern of 
tenascin in a frozen section of an endometrial adenocarcinoma is 
shown. In this case the entire extracellular space of the stromal mes- 
enchyme is intensely positive. 



the stromal mesenchyme covered by tenascin. As tenas- 
cin has been described to inhibit cell attachment to 
fibronectin, in endometrial carcinomas tenascin may 
function as a substrate for tumor cells thereby interfering 
with their attachment to fibronectin. A correlation be- 
tween the appearance of tenascin and cell migration has 
already been observed during neural crest development 
(18). It is therefore possible that tenascin may modulate 



tumor cell invasion at either the attachment or migration 
steps of the process. 

It has been clearly shown for the developing mammary 
gland, the developing mouse kidney, and for mammary 
tumors, that it is the epithelium which induces the 
expression of tenascin in the stroma (1, 7, 13). Interest- 
ingly, this model of epithelial induction of tenascin in 
mesenchymal cells seems to be applicable to a variety of 
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FiC 2 Tenascin in endometrial adenocarcinomas. Endometrial ad- 
enocarcinomas were stained with the rabbit anti-human tenascin an- 
tibody. In all cases studied the entire extracellular space of the stromal 
mesenchyme was stained. In highly differentiated (a), moderately 

other epithelial-derived tumors. In these cases, tenascin 
immunoreactivity is absent or restricted to the basement 
membrane zone in the normal tissue whereas tenascin 
more or less completely covers the stromal mesenchyme 
in the malignant state. Preliminary results suggested 
that the uterine adenocarcinoma cell lines HEC 6 and 
the MCF-7 breast cancer cell line are not reactive when 
stained with anti-tenascin antibodies (G. Vollmer, un- 
published data). Therefore, it seems that tenascin may 
be used to study the mechanisms of either induction or 
epithelial/mesenchymal interactions in normally grow- 
ing human tissue in vivo and in vitro. Further, the uterus 
appears to be ideal for this purpose as it represents a 
steadily developing tissue in adults with a high incidence 
for malignant transformation. 

METHODS 

Preparation of the Antiserum 

Two different antibody preparations were used in this study. 
The polyclonal antiserum initially used was prepared by Dr. R. 
Chiquet-Ehrismann and was raised to tenascin purified from 
conditioned medium of chicken fibroblast cultures as described 
elsewhere (5). A second polyclonal antiserum was prepared by 
Dr. V. A. Lightner and was raised in rabbits against tenascin 



differentiated (6), and poorly differentiated (c) adenocarcinoma of the 
endometrium as well as in (d), a case of endometrial adenocarcinoma 
which had recurred in the vagina, the staining pattern and intensity 
were similar. 

purified from conditioned medium of the human glioma cell 
line U-261 MG (2, 15). 

IMMUNOHISTOCHEMISTRY 

Frozen sections of human endometrial tissue 8-/im thick, 
were fixed in acetone and air-dried overnight. Formalin -fixed, 
paraffin-embedded tissue obtained from the University of 
North Carolina Hospitals was prepared and processed as pre- 
viously described (16). Additional tissues were treated as fol- 
lows: The formalin-fixed, paraffin-embedded material (5-/in 
thick) was cut, deparaffmated, air-dried overnight, and pre 
treated with 1% pronase for 30 minutes to unmask the antigen. 
The slices were incubated for 1 hour at room temperature with 
anti-chicken tenascin antibody diluted 1:100 or 1:200 or the 
anti-human tenascin antibody diluted 1:2000 in RPMI 1640 
medium containing 10% bovine serum and 0.1% azide, rinsed 
for 10 minutes with Tris-buffered saline. Thereafter, for detec- 
tion of tenascin, sections were incubated with a goat anti-rabbit 
IgG antiserum which was either labeled by alkaline phosphatase 
diluted 1:500 with RPMI 1640 medium containing 10% human 
serum (cryostat sections; Dianova Hamburg or by strepavidin) 
biotinylated horseradish peroxidase (paraffin sections). Alka- 
line phosphatase was visualized by the New Fuchsin method 
(8), whereas peroxidase or strep tavidin peroxidase was visual- 
ized by aminoethyl carbazol and hydrogen peroxide in an 
aqueous solution for 5 minutes. Subsequently, slides were coun- 
terstained with "hemalaun" and mounted. As a control, parallel 
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FlG. 3. Adenomatous hyperplasias. 
Adenomatous hyperplasias stain posi- 
tively for tenascin {arrows highlight the 
* zone of immunoreactivity at epithelial/ 
mesenchymal interface), a, A case of fo- 
cal adenomatous hyperplasia and (6) a 
case of diffuse adenomatous hyperplasia 
are shown {arrow highlights intense pos- 
itivity of endometrial atroma com- 
pressed between nearly "back -to-back" 
endometrial glands). See text for details. 




sections were treated with secondary reagent only to test for 
endogenous alkaline phosphatase or peroxidase activity or the 
primary antibody was replaced by a control IgG preparation 
and otherwise treated identically through all steps of the pro- 
cedure. 

Acknowledgments: We wish to thank M. Kniewe, U. 
Meyn, and D. Cowan for their expert technical assist- 
ance. We also wish to thank Prof. M. Dietel for his 
critical reading of the manuscript and Prof. H. P. Erick- 
son for stimulating discussions. 

Date of acceptance: January 22, 1990. 

This work was supported by the Deutsche Forschungsgemeinschaft 
SFB 232 Al. Additional work was performed at the University of North 
Carolina at Chapel Hill, Chapel Hill, NC. and was supported there by 
the Deutsche Forschungsgemeinschaft (travel Grant Vo 410/1-1) and 
National Institutes of Health Grants CA31733 and CA45727. 

Professor Siegal is a Jefferson Pilot Fellow in Medicine at the 
University of North Carolina, at Chapel Hill, Chapel Hill, NC. 

Address reprint requests to: Giinter Vollmer, Ph.D., Institut fur 
Biochemische Endokrinologie, Medizinische Universitat, Ratzeburger 
Allee 160, D-2400 Lubeck, Federal Republic of Germany. 



REFERENCES 

1. Aufderheide E, Chiquet-Ehrismann R, Ekblom P: Epithelio-mes- 
enchymal interactions in the developing kidney lead to expression 
of tenascin in the mesenchym. J Cell Biol. 105:599, 1987 

2. Bourdon MA, Wikstrand CF, Furthmayer H, Matthews TF, Bigner 
DD: Human glioma-mesenchyman extracellular matrix antigen 
defined by monoclonal antibody. Cancer Res 43:2796, 1983 

3. Chiquet M, Fambrough DM: Chick myotendinous antigen. I. A 
monoclonal antibody as marker for tendon and muscle morphoge- 
nesis. J Cell Biol 98:1926, 1984 

4. Chiquet M, Fambrough DM: Chick myotendinous antigen. II. A 
novel extracellular glycoprotein complex consisting of large disul- 
fide-linked subunits. J Cell Biol 98:1937, 1984 

5. Chiquet-Ehrismann R, Mackie EJ, Pearson CA, Sakakura T: Ten- 
ascin: an extracellular matrix protein involved in tissue interac- 
tions during fetal development and oncogenesis. Cell 47:131, 1986 

6. Chiquet-Ehrismann R, Kalla P, Pearson CA, Beck K, Chiquet M: 
Tenascin interferes with fibronectin action. Cell 53:383, 1988 

7. Chiquet-Ehrismann R, Kalla P, Pearson CA: Participation of ten- 
ascin and TGF-beta in reciprocal epithelial-mesenchymal interac- 
tions of MCF 7 cells and fibroblasts. Cancer Res 49:4322, 1989 

8. Cordell JL, Falini B, Erber WN, Ghosh AK, Abdulaziz Z, Mac- 
Donald S, Pulford KAF, Stein H, Mason DY: Immunoenzymatic 
labeling of monoclonal antibodies using immuno complexes of 
alkaline phosphatase and anti-alkaline phosphatase (APAAP) 



G ATI ON 



Vol. 62, No. 6, 1990 



TENASCIN IN HUMAN ENDOMETRIUM 



729 



mm 

m 



a of the 
rcinoma 
ntensity 



na cell 



; thick, 
l- fixed, 
sity of 
as pre- 
as fol- 

(5-MHl 

id pre- 
ntigen. 
re with 
or the 
[I 1640 
. rinsed 
r detec- 
i-rabbit 
)hatase 
human 
avidin) 
. Alka- 
method 
visual- 
in an 
ecoun- 
parallel 



Fig. 3. Adenomatous hyperplasias. 
Adenomatous hyperplasias stain posi- 
tively for tenascin {arrows highlight the 
zone of immunoreactivity at epithelial/ 
mesenchymal interface), o, A case of fo- 
cal adenomatous hyperplasia and (b) a 
case of diffuse adenomatous hyperplasia 
are shown {arrow highlights intense pos- 
itivity of endometrial atroma com- 
pressed between nearly "back -to-back" 
endometrial glands). See text for details. 




sections were treated with secondary reagent only to test for 
endogenous alkaline phosphatase or peroxidase activity or the 
primary antibody was replaced by a control IgG preparation 
and otherwise treated identically through all steps of the pro- 
cedure. 
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Tenascin expression in human chronic liver 
disease and in hepatocellular carcinoma 



Yamada S, Ichida T, Matsuda Y, Miyazaki Y, Hatano T, Hata K, Asakura 
H, Hirota N, Geerts A, Wisse E. Tenascin expression in human chronic 
liver disease and in hepatocellular carcinoma. 
Liver 1992: 12: 10-16. 

Abstract: Tenascin is an oligomeric glycoprotein of the extracellular ma- 
trix synthesized during embryonic development. It is prominently expressed 
in a variety of tumors. The role of tenascin in liver tissue is, however, 
unknown. We used immunocytochemistry to define the localization of 
tenascin and compare this with the localization of non-collagenous pro- 
teins, such as laminin and fibronectin, in normal human liver and 
pathological liver from patients with chronic hepatitis, liver cirrhosis and 
hepatocellular carcinoma. In normal liver, tenascin expression was local- 
ized along the sinusoidal and vascular wall. In fibrotic liver, tenascin was 
also observed in the region between the hepatic parenchyma and the 
fibrosing portal tracts, especially in areas of piecemeal necrosis in chronic 
hepatitis. Immuno-EM study of liver tissue in chronic hepatitis strongly 
suggested the synthesis and secretion of tenascin by fat-storing cells into 
the space of Disse. In hepatocellular carcinoma, tenascin was expressed in 
both the capsule and lobular septa, but not in the sinusoidal walls of the 
tumors. These results led us to postulate a close relationship between 
the occurrence of this protein and disease processes such as fibrosis and 
cancer invasion. 
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Tenascin is an oligomeric glycoprotein complex of 
the extracellular matrix (1). It is a hexabrachion, 
consisting of two pairs of three arms connected to 
a central globule (2), and contains 13 epidermal 
growth factor-like repeats and segments that re- 
semble the type III repeats found in fibronectin 
(3). The protein has been independently discovered 
in a number of laboratories and given several 
names including hexabrachion (4), myotendinous 
antigen (5), GP250 (6), glial mesenchymal extra- 
cellular matrix protein (7), cytotactin (8), Jl pro- 
tein (9), and brachionectin (2). Tenascin occurs in 
both embryonic and adult tissues, and it has been 
reported to occur during the development of vari- 
ous organs such as mammary glands (10), teeth 
(11), neural crest (12), central nervous system (13), 
kidneys (14), and cartilage (15). The function of 
tenascin is largely unknown. However, in vitro 
studies suggest that tenascin promotes the growth 
of tumor cells (16), inhibits the spreading of cells, 
and antagonizes the attachment of some cells to 
fibronectin (17). In addition, it is reported that 
tenascin expression is found in the area of prolif- 
erating blood vessels in tumors (7), and is diffusely 
spread throughout the tumor stroma (18). These 



therefoi 
in hum; 
in liver 

Material 

Materials 

Liver t: 

20 case 

rhosis, 

(HCC) 

ner II 

needle 

resectic 

Immuno' 

The si 
malin- 
depars 
withO 



observations suggest that tenascin might be related 
to both fibrosis and malignant growth. 

In general, it has been suggested that the extra- 
cellular matrix does not merely provide passive 
structural support, but also plays a role in main- 
taining the differentiated phenotype and normal 
function of liver parenchymal cells (19, 20). In both 
animal and human liver, several types of collagen 
and non-collagenous components were studied 
with monoclonal antibodies, suggesting that those 
components were actively deposited in fibrosing 
areas around portal tracts and central veins. Fur- 
thermore, both tenascin and fibronectin, as well as 
other extracellular matrix molecules, were parallel 
to increased collagen production in fibrosis and 
wound healing (20). In addition, Van Eyken et al. 
recently reported the appearance of tenascin in 
liver fibrosis (21). Liver cirrhosis can be the ter- 
minal state of fibrosis caused by viral infection oi 
type B or type C hepatitis, and other chronic liver 
diseases. Liver cirrhosis is thought to be a nsK 
factor for development of hepatocellular carci- 
noma. Clinically, more than 80% of hepatocellular 
carcinomas develop from liver cirrhosis caused Dy 
viral infection and other chronic liver diseases, we 
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therefore investigated the distribution of tenascin 
. human liver in various fibrogenic diseases and 
in hver cancer. 

Material and methods 

Materials 

Liver tissue was obtained from 10 normal livers, 
20 cases of chronic hepatitis, 10 cases of liver cir- 
rhosis, and 18 cases of hepatocellular carcinoma 
(HCC), which were classified as Edmondson-Stei- 
ner II or III. All tissues were obtained either by 
needle biopsy during peritoneoscopy or by hepatic 
resection. 

immunohistochemistry for light microscopy 

The specimens were treated as follows. The for- 
malin-fixed, paraffin-embedded material was cut, 
deparafiined, air-dried overnight, and pretreated 
with 0.4% pepsin for 120 min to unmask the anti- 



gen. The sections were immersed in 0.3% hydrogen 
peroxide in methanol to remove endogenous per- 
oxidase staining, and then incubated overnight at 
4°C with rabbit anti-human tenascin antibody (Te- 
lios Pharmaceut Inc., San Diego), rabbit anti-hu- 
man flbronectin antibody and rabbit anti-human 
laminin antibody (kindly donated by Prof. Isemura 
M., Shizuoka Prefectural University, Japan). In 
addition, controls were performed utilizing normal 
rabbit serum instead of specific antiserum. There- 
after, the sections were incubated for 1 h with 
donkey anti-rabbit Ig labeled by horseradish per- 
oxidase (Amersham, U.K.). After washing with 
phosphate-buffered saline (PBS), the bound anti- 
body was visualized by cytochemical staining for 
peroxidase, using diaminobenzidine. 

Immunocytochemistry for electron microscopy 

Freshly obtained tissue samples were cut into 2- 
mm blocks and fixed with 4% periodate-lysin- 
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Fig. L Normal liver tissue: (a) Tenascin is present along 
both the hepatic sinusoidal wall and the central vein (original 
magnification 85 x). (b) Discontinuous staining is located 
along the sinusoids (original magnification 170 x ). (c) Tenas- 
cin expression is observed along the portal vein, and portal 
artery and bile duct (original magnification 85 x ). 
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Fig, 2. Chronic hepatitis: (a) Tenascin staining is located m a 
periphery of the portal area (arrows) (original magnification 
50 x ). (b) Strong staining is observed in the area of piecemeal 
necrosis. Tenascin stainability in the sinusoidal wall is ob- 
served (original magnification 85 x). (c) Tenascin is strongly 
expressed around proliferating ductules at the stromal-epi- 
thelial junctions (counterstained with hematoxylin. Original 
magnification 120 x). 



mi 




Fig. J. Liver cirrhosis: (a) The stainability of tenascin is the same as in chronic hepatitis ^f^^^Z^^J^ orfiS 
is, also, strongly expressed around proliferating ductules in cases of liver cirrhosis, (counterstained with hematoxylin, org 
magnification 85 x ). 
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^formaldehyde (PLP). They were washed, em- 
Sded in Tissue-Tek O.C.T. compound (Miles 



USA), rapidly frozen, and stored at -70°C. 
The' specimens were sectioned at 6 urn thickness 
1 ine a cryostat. The sections were mounted on 
2 K .albumin-coated slides, and air dried for 30 
2un Suppression of endogenous peroxidase ac- 
tivity was carried out by Isobe's method (22). 
After being rinsed, they were incubated for 24 h 
at 4°C with the anti-human tenascin antibody. 
Thereafter, they were incubated for 12 h at 4°C 
w ith the same secondary antibody as above. The 
sections were washed, and the peroxidase activity 
was developed with diaminobenzidine. The 
stained sections were washed, post-fixed in 2% 
osmium tetroxide, and embedded in EPON. Ul- 
trathin sections were examined in a Hitachi HS- 
9 electron microscope. 



Tenascin expression 

Results 

Immunohistochemistry (light microscopy) 

Normal liver (Fig. 1): The wall of central veins, 
portal veins and hepatic arteries was stained for 
tenascin. In the hepatic sinusoidal walls, stainabili- 
ty for tenascin was weak and discontinuous. No 
stainability for tenascin could be revealed in 
hepatocytes. Fibronectin was present along the 
sinusoidal wall and in portal tracts. Laminin ex- 
pression was observed around portal veins, central 
veins, hepatic arteries and bile duct, but not in the 
sinusoidal wall. 

Chronic hepatitis (Fig. 2): The sinusoidal wall and 
the vascular wall were stained for tenascin. Tenas- 
cin expression was observed in the tissue between 
the parenchyma and the fibrotic portal area, es- 
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Fig. 4. Hepatocellular carcinoma: (a) The staining for tenas- 
cin; negative staining of tumor sinusoidal and positive staining 
of the capsule (arrows) surrounding the tumor are revealed 
(original magnification 85 x). (b) The staining for fibronectin 
in the identical case; fibronectin is stained along tumor sinus- 
oids (original magnification 1 70 x ). (c) The staining for lamin- 
in in the identical case; laminin is stained along tumoral 
sinusoids (original magnification 170 x). 
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pecially in piecemeal necrosis and around prolif- 
erating ductules. The central part of the portal 
area was not stained for tenascin. The staining for 
tenascin present in the sinusoidal wall was in- 
creased as compared to the sinusoidal wall in nor- 
mal liver. On the other hand, fibronectin expression 
was observed diffusely in portal connective tissues. 
The distributions of tenascin and fibronectin were 
clearly different from each other. Laminin was ex- 
pressed as in normal liver. 

Liver cirrhosis (Fig. 3): Tenascin expression in liver 
cirrhosis was the same as in chronic hepatitis, both 
in the portal area and in the sinusoidal wall. In 
addition, strong staining for tenascin was observed 
around the proliferating ductules at the connective 
tissue-epithelial interface. Fibronectin was local- 
ized as in chronic hepatitis. Laminin was expressed 
in the sinusoids in the periphery of regenerative 
nodules, in addition to portal veins, hepatic arter- 
ies, central veins and around bile ducts. 



Fig 5 Electron micrograph showing tenascin staining along 
the sinusoid in the case of chronic hepatitis, (a) Reaction 
product can be observed in the space of Disse (arrow), (b) 
Reaction product is localized in rough endoplasmic reticulum 
(arrow head) of fat-storing cell and neighbouring bundles 
(arrow) We could find no reaction product on the paren- 
chymal or endothelial cell, (c) High magnification of rough 
endoplasmic reticulum in Fig. 5b (arrow heads). S: sinusoidal 
lumen; H: hepatic parenchymal cell; FSC: fat-storing cell. 



HCC (Fig. 4): Fibronectin expression was observed 
in the sinusoids in 15 of 18 cases. In contrast, stain- 
ing for tenascin was revealed in only 3 of these cases, 
whereas laminin was observed in 1 3 cases. The speci- 
mens which stained for tenascin also expressed lami- 
nin and fibronectin in the same location. No ex- 
pression of tenascin could be revealed in tumor epi- 
thelia. On the other hand, in most of the HCC cases, 
tenascin was expressed at the stromal-epitheiiai 
junctions in the capsule and septa. 



Table 1. Tenascin expression in human liver tissues 



Sinusoidal wall 



Stroma 



Normal liver 
Chronic hepatitis 
Liver cirrhosis 
Hepatocellular carcinoma 



+ VW+ B.Q+ 

+/+ + P.+/++ B.D+ VW+ 
+/++ B.Q+/++ 

-/+ C.+ VW+ 



VW: vascular wall, B.Ou bile duct, P. 
C: capsule or septum of tumor. 
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T 

I rmmunoelectron microscopy (Fig. 5): Tenascin 
k / fining could be observed as a diffuse, dense reac- 
V ? * product in the space of Disse. Positive reaction 
nuld also be seen in parts of the rough endoplas- 
mic reticulum of fat-storing cells. However, we 
Jould not find reaction products in endothelial or 
narenchymal cells. 

P We can summarize the observations on the local- 
ization of tenascin in human liver tissue (Table 1) as 
follows: cancerous tissue did not express tenascin in 
sinusoids, whereas normal liver and fibrogenic liver 
presented positive tenascin staining on sinusoids 
Ld vascular walls. Tenascin was expressed in con- 
nective tissue in the stromal-epithelial junction, es- 
pecially in areas of piecemeal necrosis. 



Discussion 

In this study, we were able to reveal a specific 
stainability for tenascin in both normal and path- 
ological liver. In non-cancerous liver, tenascin 
could be observed in the vascular wall, sinusoidal 
wall and the interface between parenchymal areas 
and fibrotic portal areas, especially in areas of 
piecemeal necrosis in chronic hepatitis. The stain- 
ing intensity was as strong as in the surrounding 
of proliferating ductules in the portal area. Van 
Eyken et al. did not find positivity in the vascular 
wall; however, our present study revealed that tena- 
scin was expressed in the vascular wall. Therefore, 
endothelial cells of vessels might have an ability to 
induce production of tenascin. In livers with 
chronic viral infection, piecemeal necrosis and duc- 
tular proliferation are the apparent locations of 
fibrogenesis (24). The staining pattern of tenascin 
led us to assume a correlation between tenascin 
expression and fibrosis. In our study, laminin was 
not expressed in the sinusoidal walls of the normal 
liver. Laminin expression was the same as in the 
recent report (23). 

In regions showing piecemeal necrosis, numer- 
ous collagen bundles and extracellular matrix com- 
ponents could be detected in the wall of the sinus- 
oids (24, 25). Our immunoelectron microscopic ob- 
servations suggest the production of tenascin by 
fat-storing cells. The reaction product of the stain- 
ing for tenascin could be found in the cytoplasm 
of fat-storing cells and in the space of Disse in 
chronic active hepatitis. This observation supports 
the report from Desmet's group, indicating the 
production of tenascin by in vitro cultured rat liver 
fat-storing cells (Proceeding of Fifth International 
Symposium on Cells of the Hepatic Sinusoid, Tus- 
con, Arizona, U.S.A., August 26-30, 1990). Our 
results also suggest that the fat-storing cell is one 
of the candidates to produce tenascin in the space 
of Disse. 
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Tenascin expression 

In hepatocellular carcinoma, tenascin was ex- 
pressed in both the capsule and septa of the speci- 
mens studied, but was not expressed in the sinus- 
oidal wall of tumorous tissue. However, both lami- 
nin and fibronectin were localized in the sinusoidal 
wall of the tumor in most cases of HCC. In our 
previous electron microscopic observation of hu- 
man hepatocellular carcinoma, numerous basal la- 
minae and excessive staining of extracellular matrix 
components such as type IV collagen, laminin and 
fibronectin were found (26-28). There are few fat- 
storing cells in tumoral sinusoids in hepatocellular 
carcinoma (28). Assuming that fat-storing cells 
produce tenascin, the lack of fat-storing cells might 
be one of the causes of tenascin not being demon- 
strated in the wall of tumoral sinusoids. In the 
present study, tenascin in tumorous tissue was lo- 
calized in the capsule and septa, but not in basal 
laminae or the extracellular matrix. This obser- 
vation might be related to tumor invasion. At the 
site of tumor invasion, synthesis and degradation 
of extracellular matrix components should occur. 
The tenascin deposits found at stromal-epithelial 
junctions in the tumor might not only stimulate 
tumor cell proliferation (16), but also decrease ad- 
hesiveness (17), and so facilitate detachment of 
tumor cells from epithelial sheets, enabling them 
to invade the stroma. We suppose that the staining 
pattern of tenascin has a functional implication, 
related to tumor spreading. 

In conclusion, we studied the distribution and 
the cellular source of tenascin in normal, fibrotic 
and cancerous liver tissue. The function of tenascin 
is largely unknown. Our results, however, led us to 
postulate a relationship between the occurrence of 

this glycoprotein and the onset and development 

of fibrosis and malignant growth. 
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therefore investigated the distribution of tenascin 
in human liver in various fibrogenic diseases and 
in ^ver cancer. 

(material and methods 

Materials 

river tissue was obtained from 10 normal livers, 
20 cases of chronic hepatitis, 10 cases of liver cir- 
rhosis, and 18 cases of hepatocellular carcinoma 
(HCC), which were classified as Edmondson-Stei- 
ner II or III. All tissues were obtained either by 
needle biopsy during peritoneoscopy or by hepatic 
resection. 

immunohistochemistry for light microscopy 

The specimens were treated as follows. The for- 
malin-fixed, paraffin-embedded material was cut, 
deparaffined, air-dried overnight, and pretreated 
with 0.4% pepsin for 120 min to unmask the anti- 



Tcnascin expression 

gen. The sections were immersed in 0.3% hydrogen 
peroxide in methanol to remove endogenous per- 
oxidase staining, and then incubated overnight at 
4°C with rabbit anti-human tenascin antibody (Te- 
lios Pharmaceut Inc., San Diego), rabbit anti-hu- 
man fibronectin antibody and rabbit anti-human 
laminin antibody (kindly donated by Prof. Isemura 
M., Shizuoka Prefectural University, Japan). In 
addition, controls were performed utilizing normal 
rabbit serum instead of specific antiserum. There- 
after, the sections were incubated for 1 h with 
donkey anti-rabbit Ig labeled by horseradish per- 
oxidase (Amersham, U.K.). After washing with 
phosphate-buffered saline (PBS), the bound anti- 
body was visualized by cytochemical staining for 
peroxidase, using diaminobenzidine. 

Immunocytochemistry for electron microscopy 

Freshly obtained tissue samples were cut into 2- 
mm blocks and fixed with 4% periodate-lysin- 




Fig. 1. Normal liver tissue: (a) Tenascin is present along 
both the hepatic sinusoidal wall and the central vein (original 
magnification 85 x). (b) Discontinuous staining is located 
along the sinusoids (original magnification 170x ). (c) Tenas- 
cin expression is observed along the portal vein, and portal 
artery and bile duct (original magnification 85 x ). 
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fig, 2. Chronic hepatitis: (a) Tenascin staining is located in a 
periphery of the portal area (arrows) (original magnification 
50 x ). (b) Strong staining is observed in the area of piecemeal 
necrosis. Tenascin stainability in the sinusoidal wall is ob- 
served (original magnification 85 x). (c) Tenascin is strongly 
expressed around proliferating ductules at the stromal-epi- 
thelial junctions (counterstained with hematoxylin. Original 
magnification 120 x). 
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Fig. 3. LiveTcirriTosis: (a) The stainability of tenascin is the same as in chronic hepatitis (original "SPSfSSt^S OriS 1 
is also, strongly expressed around proliferating ductules in cases of liver orrhos.s. (counterstamed with hematoxylin 
magnification 85 x ). 
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rta raformaldehyde (PLP). They were washed er 
Kded in Tissue-Tek O.C.T. compound (Mil 



em- 

bedded in Tissue-Tek u.u.i compound (Miles 
fnc USA), rapidly frozen, and stored at -70 C. 
The specimens were sectioned at 6 \im thickness 
cine a cryostat. The sections were mounted on 
U I albumin-coated slides, and air dried for 30 
«An Suppression of endogenous peroxidase ac- 
uity was carried out by Isobe's method (22). 
After being rinsed, they were incubated for 24 h 
t 4°C with the anti-human tenascin antibody. 
Thereafter, they were incubated for 12 h at 4°C 
with the same secondary antibody as above. The 
sections were washed, and the peroxidase activity 
was developed with diaminobenzidme. The 
stained sections were washed, post-fixed in 2% 
osmium tetroxide, and embedded in EPON. Ul- 
trathin sections were examined in a Hitachi Hb- 
9 electron microscope. 



Tenascin expression 

Results 

Immunohistochemistry (light microscopy) 

Normal liver (Fig. 1): The wall of central veins, 
portal veins and hepatic arteries was stained for 
tenascin. In the hepatic sinusoidal walls, stainabili- 
ty for tenascin was weak and discontinuous. No 
stainability for tenascin could be revealed in 
hepatocytes. Fibronectin was present along the 
sinusoidal wall and in portal tracts. Laminin ex- 
pression was observed around portal veins, central 
veins, hepatic arteries and bile duct, but not in the 
sinusoidal wall. 

Chronic hepatitis (Fig. 2): The sinusoidal wall and 
the vascular wall were stained for tenascin. Tenas- 
cin expression was observed in the tissue between 
the parenchyma and the fibrotic portal area, es- 
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Fig. 4. Hepatocellular carcinoma: (a) The staining for tenas- 
cin; negative staining of tumor sinusoidal and positive staining 
of the capsule (arrows) surrounding the tumor are revealed 
(original magnification 85 x ). (b) The staining for fibronectin 
in the identical case; fibronectin is stained along tumor sinus- 
oids (original magnification 1 70 x ). (c) The staining for lamin- 
in in the identical case; laminin is stained along tumoral 
sinusoids (original magnification 170x). 
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pecially in piecemeal necrosis and around prolif- 
eratine ductules. The central part of the portal 
area was not stained for tenascin. The staining for 
Lnasdn present in the sinusoidal wall was in- 
creased as compared to the sinusoidal wall in nor- 
maUiver On the other hand, fibronectin expression 
wa observed diffusely in portal connective « 
The distributions of tenascin and fibronectin were 
clearly different from each other. Laminin was ex- 
pressed as in normal liver. 

Liver cirrhosis (Fig. 3): Tenascin expression in liver 
cirrhosis was the same as in chronic hepa Wis , botn 
in the portal area and in the sinusoidal waHJn 
addition strong staining for tenascin was observed 
afound the proliferating ductules at the connective 
Se-epithelial interface. Fibronectin was local- 
ized as in chronic hepatitis. Laminin ww«P«-£ 
in the sinusoids in the periphery of reg neratwe 
nodules, in addition to portal veins, hepatic arter- 
ies, central veins and around bile ducts. 



endoplasmic ret.culum m F.g. 5b^owl ™™> „ 
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wrCtFis 4): Fibronectin expression was observed 
KSsoids in 15 of 18 cases. In contrast 
L for tenascin was revealed in only 3 of these case 
whereas laminin was observed in 1 3 cases The spec 
mens which stained for tenascin also expressed lami 
nin and fibronectin in the same locaUon^No ex 
pression of tenascin could be revealed I m ^orep 
thelia. On the other hand, in most of the HCC cas 
tenascin was expressed at the stromal-ep.thelia 
junctions in the capsule and septa. 
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) Summary. The distribution of tenascin immunoreactivity 
was analysed in salivary gland tissue and in various be- 
f nign and malignant tumours of the salivary gland. In 
* the non-neoplastic tissue, tenascin was seen in the areas 
I of basement membranes of the ductal epithelium. No 
I* immunoreactivity could be observed in the serous or 
) mucous glands. In pleomorphic adenomas, tenascin im- 
( munoreactivity could be seen in the stromal compart- 
) ment. It was more pronounced in the dense stromal areas 
\ and chondroid elements than in the myxoid area. In 
Warthin's tumours, strong tenascin immunoreactivity 
could be observed in the basement membrane zone of 
i the epithelial component. In the lymphatic component, 
faint reticular staining could be seen. In adenoid cystic 
i carcinomas, acinic cell tumours and mucoepidermoid 
( carcinomas, tenascin showed a linear stromal distribu- 
/ tion. No intracytoplasmic immunoreactivity could be 
seen in any of the cases. The widespread tenascin positi- 
[ vity in salivary gland tumours suggests that tenascin may 
I play a role in the induction and progression of salivary 
\ gland tumours, presumably by interfering with the nor- 
mal parenchymal-mesenchymal interaction. 

} Key words: Tenascin - Salivary gland tumours - Immu- 
nohistochemistry 

) : 

) 

Introduction 

Tenascin is a six-armed extracellular matrix glycoprotein 
with a molecular weight of 1,900 kDa (Erickson and 

i Bourdon 1989; Chiquet-Ehrismann 1990). It was dis- 
covered independently in several laboratories and, con- 

1 sequently, is known by various names, such as hexabra- 

, chion, cytotactin, myotendineous antigen, GP250 and 
•M protein (Erickson and Lightner 1988). The subunits 
of tenascin show heterogeneity and, in SDS-polyacryl- 

| amide gel electrophoresis, three separate tenascin sub- 

> Correspondence to: Y. Soini, Department of Pathology, University 
°f Oulu, Kajaanintie 52 D, SF-90220 Oulu, Finland 



units can be found with molecular weights of 240 kDa, 
200 kDa and 190 kDa (Chiquet-Ehrismann et al. 1986). 

Tenascin is found in embryonic tissues (Chiquet and 
Famborough 1984; Crossin etal. 1986; Chuong etal. 
1987), especially in areas of epithelial-mesenchymal junc- 
tions, and in developing brain tissue. It probably has 
a role in epithelial-mesenchymal induction and cell mi- 
gration (Chiquet-Ehrismann etal. 1986; Crossin etal. 
1986; Chuong et al. 1987; Erickson and Bourdon 1989; 
Chiquet-Ehrismann 1990). Tenascin is synthesized by 
glial cells and fibroblasts (Erickson and Bourdon 1989). 
By in situ hybridization, tenascin synthesis has also been 
shown in embryonic kidney and lung mesenchymal cells 
and in lung epithelial cells (Koch et al. 1991 ; Prieto et al. 

1990) . 

In adult tissues tenascin can be found in healing 
wounds, in dense connective tissue, such as tendons and 
ligaments, in cartilaginous tissue and in smooth muscle 
(Erickson and Bourdon 1989; Chiquet-Ehrismann 1990; 
Chuong and Chen 1991). Tenascin has also been ob- 
served in the basement membranes of different epithelia 
of ectodermal and endodermal origin (Natali etal. 

1991) . 

In malignant neoplasms, stromal tenascin immunore- 
activity has been found in various tumours such as glio- 
mas, sarcomas, melanomas and carcinomas (Bourdon 
etal. 1983; Erickson and Bourdon 1989; Natali etal. 
1990, 1991; VollmeT etal. 1990; Howeedy etal. 1990). 
It is also been detected in some benign tumours such 
as naevocellular naevi and benign breast tumours (How- 
eedy et al. 1990; Natali et al. 1991). 

In this study we used immunohistochemical tech- 
niques to investigate the distribution of tenascin in sali- 
vary gland tissue and neoplasms. We used two mono- 
clonal antibodies, one of which detects tenascin also in 
formalin-fixed, paraffin-embedded specimens. 

Materials and methods 

Thirty-five cases of benign and malignant salivary gland tumours 
were selected from the files of the Department of Pathology, Oulu 
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Fig. la, b. Immunoperoxidase staining for the demonstration of tenascin in pleomorphic adenoma. The stromal tissue stains positively 
for tenascin. The staining is more intense with the EB-100 antibody (a) than with 143DB7 (b). Immunoperoxidase stain, x 210 
Fig. 2a, b. Immunoperoxidase staining for the demonstration of tenascin in pleomorphic adenoma. The cartilaginous component stains 
strongly for tenascin (a) while in the myxoid zones the staining is weak and delicate (b). Immunoperoxidase stain, x 210 
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Fig. 3. Immunoperoxidase staining for the demonstration of 
tenascin in Warthin's tumour. The areas of the basement 
membranes stain positively. Delicate reticular staining can be 
observed in the lymphatic areas. Immunoperoxidase stain, 
x210 

Fig. 4. Immunoperoxidase staining for the demonstration of 
tenascin in mucoepidermoid carcinoma. The stromal tissue 
stains strongly for tenascin while the tumour cells are nega- 
tive. Immunoperoxidase stain, xl55 

Fig. 5. Immunoperoxidase staining for the demonstration of 
tenascin in acinic cell tumour. Delicate positive fibrous 
strands can be observed in the stroma. Immunoperoxidase 
stain, x210 



University Central Hospital. The cases were from the years 1985- 
'990 and the material was fixed in neutral formalin and embedded 
in paraffin. Some of the material (7 cases) was obtained fresh from 
the operating theatre and stored in liquid nitrogen. The tumours 
w ere classified according to the WHO International classification 
of salivary gland tumours (Seifert 1991). The diagnosis of all the 
cases was based on light microscopic examination using conven- 
tional hacmatoxylin and eosin stain. 

The material consisted of 16 pleomorphic adenomas, 6 adeno- 



lymphomas, 6 mucoepidermoid carcinomas, 3 acinic cell tumours, 
3 adenoid cystic carcinomas and 1 pleomorphic sarcoma of the 
salivary gland. Frequently, the specimens also contained nonneo- 
plastic elements. Eight cases of nonneoplastic salivary gland tissue 
were also included (4 normal, 4 chronic inflammations of the sali- 
vary gland). 

We aimed at producing a monoclonal antibody that also detects 
tenascin efficiently in formalin-fixed material. For that purpose, 
the mAb 143DB7 was raised as follows. First, tenascin was purified 
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from the culture medium of human embryonal fibroblasts by using 
affinity purification with a well-characterized anti-tenascin hybri- 
doma clone 100EB2 (Howeedy et al 1990). For that purpose, im- 
munoglobulin fraction of 100EB2 was purified from the ascites 
fluid by using protein G column (Pharmacia, Uppsala, Sweden) 
in FPLC. It was then coupled to cyanogen bromide-activated Se- 
pharose 4B (Pharmacia) according to the manufacturer's instruc- 
tions. Culture medium of human embryonal fibroblasts was then 
passed over the column. After extensive washing, the bound tenas- 
cin was eluted with 3-[(Cholamidopropyl)-dimethyl ammonio]-l- 
propanesulfonate (CHAPS) buffer, pH 11 , and used for immuniza- 
tion. Three days after the last immunization of BALB/c mice, the 
hybridoma production was initiated by standard techniques 
(Kohler and Milstein 1975). The hybridomas were screened, first, 
by using purified tenascin in enzyme-linked immunoassay, and then 
by immunohistochemistry on pepsin-treated paraffin sections of 
selected formal in -fixed tumours. The hybridoma culture 143BD7 
was cloned by using standard techniques. 

The specificity of mAb 143DB7 was shown by immunoblotting 
of whole human cultured fibroblasts. For immunoblotting, the cells 
were lysed in electrophoresis sample buffer, boiled and analysed 
in SDS-poIyacrylamide gel electrophoresis, carried out according 
to Laemmli (1970), by using 6.5% stab gels and reducing condi- 
tions. The transfer of the electrophoretically separated polypeptides 
onto nitrocellulose paper was carried out according to the method 
of Towbin et al. (1979). To visualize the polypeptide bands, strips 
of the nitrocellulose sheets were cut and stained with amido black. 
The immunodetection was done by incubating the nitrocellulose 
sheets first with mAb 143DB7 and then with peroxidase-coupled 
rabbit anti-mouse IgG (Dakopatts, Copenhagen, Denmark). 3'-3' 
Diaminobenzidine was used as a chromogen. In immunoblotting, 
two distinct bands of 250,000 and 190,000 daltons were revealed. 
No polypeptide bands were revealed in experiments in which the 
primary antibody was either omitted or replaced by antibodies 
to proteins not produced by fibroblasts (not shown). 

For paraffin sections, 5-u.m-thick sections were deparaffinized 
in xylene and rehydrated in graded alcohol. The endogenous perox- 
idase was consumed by treating the sections with 0.3% hydrogen 
peroxidase in absolute methanol for 30 min. Prior to the immuno- 
staining, the sections were treated with 0.4% pepsin (Merck, Darm- 
stadt, FRG; 10 units/mg) for 30 min at 37° C. Monoclonal mouse 
antibody (143DB7) to human tenascin was used as the primary 
antibody. For the immunostaining, the avidin-biotin complex 
(ABC) method was used (Hsu et al. 1981). The sections were first 
incubated overnight with the primary antibody at 4° C, followed 
by biotinylated rabbit anti-mouse secondary antibody (1 :200) and 
the ABC complex (Dakopatts). The colour was developed with 
diaminobenzidine, whereafter the sections were mounted in an 
aqueous medium. The sections were counterstained with a light 
haematoxylin stain. Negative control consisted of substituting PBS 
(140 mi sodium chloride, 0.01 M phosphate buffer, pH 7.2) for the 
primary antibody. 

For frozen sections, 5-um-thick sections were cut from the spec- 
imens. They were air-dried for 1 h and were then fixed in acetone 
for 10 min at -22° C. The endogenous peroxidase was consumed 
by treating the sections with 0.3% hydrogen peroxidase in metha- 
nol for 30 min. A monoclonal mouse antibody (EB-100) to human 
tenascin, with a dilution of 1 :5, was used as the primary antibody 
(Howeedy et al. 1990). The sections were incubated with the prima- 
ry antibody overnight at 4° C, followed by the biotinylated second- 
ary rabbit anti-mouse antibody (1:200) and the ABC complex 
(Dakopatts). 

The peroxidase reaction was developed with diaminobenzidine, 
whereafter the sections were mounted in an aqueous medium. The 
sections were counterstained lightly with haematoxylin. Negative 
controls were as described previously. 



Results 

In the normal salivary gland, tenascin immunoreactivity 
was seen in the basement membranes of the ducts and 
in the smooth muscle cells in the walls of the small arter- 
ies. The mucous and serous glands were negative. The 
finding was similar in the chronically inflamed salivary 
gland tissue. 

In pleomorphic adenomas, linear immunoreactivity 
could be observed in the stromal tissue in ail cases 
(Figs. 1, 2). Also the fibrotic capsule stained positive. 
In the dense, fibrotic areas, the immunoreactivity was 
stronger than in the myxoid areas (Fig. 2 b). Some myx- 
oid islands remained negative for the staining. Also the 
cartilaginous component stained positive for tenascin 
(Fig. 2a). Often, a uniform distribution of the staining 
was seen over the cartilaginous area. Occasionally, how- 
ever, non-reactive stromal zones could be seen around 
individual chondrocytes. No intracellular tenascin was 
seen in tumour cells. 

In Warthin's tumours (Fig. 3), tenascin immunoreac- 
tivity was seen in the areas of the basement membranes 
beneath the epithelial cell component. In some areas, 
positivity also occurred in the fibrous cores of the papil- 
lary projections. In the lymphatic component, immuno- 
reactivity was confined to thin reticular fibres. Also the 
tumour capsule stained positive. 

The stroma of all malignant salivary gland tumours 
was positive for tenascin. The staining was weaker in 
adenoid cystic carcinomas and in acinic cell tumour than 
in mucoepidermoid carcinomas. In adenoid cystic carci- 
nomas and mucoepidermoid carcinomas, a linear tenas- 
cin immunoreactivity was observed, which sometimes 
concentrated around the tumour cell islands (Fig. 4). In 
acinic cell tumours, faintly positive linear strands could 
be observed (Fig. 5). No intracytoplasmic staining for 
tenascin was seen in tumour cells. 

There was no difference between the results obtained 
with the two tenascin antibodies. The intensity of the 
immunostaining was stronger, however, in the EB-100 
stained fresh frozen material. The control staining was 
negative in all cases. 



Discussion 

In this investigation we analysed the distribution of ten- 
ascin in benign and malignant salivary gland tumours 
and in non-neoplastic salivary gland. The immunostain- 
ing was carried out by using two different antibodies, 
EB-100 and 143DB7, both of which work well on fresh, 
frozen sections and the latter also on formalin-fixed, 
paraffin-embedded material. The staining results with 
the two antibodies were identical. However, the immu- 
nostaining of fresh frozen material with EB-100 yielded 
the most intense staining reaction. This probably de- 
pends not only on the difference in the reactivity between 
the antibodies, but also on the better preservation ol 
the tenascin antigen in fresh frozen material and/or the 
fact that the antigenic determinants are partly hidden 
in formalin-fixed material. 
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In benign salivary gland tumours, stromal positivity 
, as observed both in pleomorphic adenomas and in 
Vnolymphomas. i n pleomorphic adenomas, there was 
! strong stromal immunoreactivity in the dense, fibrotic 
troma as well as in the cartilaginous component of the 
J m0Ur In the myxoid zones the staining was less in- 
case suggesting that there is a lower concentration of 
Lascin in the myxoid zones. Interestingly, pleomorphic 
idenomas contain fibronectin (Caselitz et al. 1988) and 
rhondroitin sulphate proteoglycans (Harrison and 
Auaer 1991), which both bind tenascin (Chiquet Ehr- 
Cmann etal. 1991; Erickson and Lightner 1988). Thus 
the lower degree of staining for tenascin in the myxoid 
zone could also be a reflection of a lower concentration 
of these substances in this region. 

A diffuse distribution of tenascin could also be seen 
; n the chondroid compartment in pleomorphic ad- 
enomas. Tenascin is present in embryonic chrondroid 
tissue where it is distributed throughout the tissue, while 
in adult tissue it is concentrated mainly in the perichon- 
drium (Erickson and Lightner 1988). It may even by 
possible that the chondrogenic differentiation in pleo- 
morphic adenomas is induced by tenascin. This is sup- 
ported by the observation that tenascin is associated 
with chondrogenic differentiation in vivo (Chiquet-Ehr- 
ismann 1990). 

In Warthin's tumours, as in normal salivary gland, 
a strong tenascin immunoreactivity was seen in the base- 
ment membrane areas beneath the epithelial component. 
This is in line with previous studies which have shown 
tenascin in the basement membranes of different epithe- 
lia of ectodermal and endodermal origin (Natali et al. 
1991) Synthesis of tenascin has also been reported in 
the epithelial cells of developing lung buds (Koch et al. 
1991) A receptor for tenascin has been described that 
belongs to a family of integrin molecules (Bourdon and 
Ruoslahti 1989). The epithelial cells of salivary gland 
ducts, as well as other epithelia, might harbour such 
surface receptors and tenascin might thus function as 
a structural protein in the ductal units to retain the integ- 
rity and orientation of the epithelial cells. 

In malignant salivary gland tumours, stromal tenas- 
cin immunoreactivity could be seen in all cases. This 
is in accordance with previous results which indicate 
stromal tenascin immunoreactivity in various malignant 
neoplasms (Bourdon et al. 1983; Erickson and Bourdon 
1989; Natali etal. 1990; Vollmer etal. 1990; Howeedy 
etal. 1990). In the present study, however, there were 
differences in the intensity of tenascin staining between 
different types of tumours. 

The tissue distribution of tenascin is reminiscent ol 
that of fibronectin, which is also found in the stromal 
areas, while laminin and type IV collagen are mainly 
found in the basement membrane areas of these tumours 
(Caselitz et al. 1988). This similarity in tissue distribution 
may be due to the fact that the 190 kDa isoform of 
tenascin is able to attach to fibronectin (Chiquet-Ehr- 
ismann etal. 1991). 

in tumour tissue tenascin is considered to be synthe- 
sized by stromal fibroblasts which are stimulated by cy- 
tokines such as transforming growth factor-beta, which 



is produced by the tumour cells (Pearson etal. 1988; 
Chiquet-Ehrismann 1990). Tenascin contains epidermal 
growth factor-like repeats (Jones et al. 1988) and it has 
been suggested that tenascin might induce tumour 
growth by an autocrine mechanism (Engel 1989). The 
growth promotion induced by tenascin may also play 
a part in the maintenance and progression of both be- 
nign and malignant salivary gland tumours. 
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Summary- Tenascin (Tn) is an extracellular matrix 
(ECM) glycoprotein strongly and widely expressed dur- 
ing embryogenesis. Tn is decreased in normal adult tis- 
sues but is reexpressed in numerous inflammatory, re- 
parative and neoplastic processes. We immunostained 
samples of fetal and normal adult bladders and samples 
of bladder tissue from patients with chronic cystitis, de- 
trusor hypertrophy, malakoplakia and transitional cell 
carcinomas (TCC) of all grades, with a monoclonal anti- 
body (mAb) to Tn 143DB7. Sections of flat in situ carci- 
nomas were also studied. In fetal bladders, strong and 
ragged Tn reactions were noted at the epithelial-stromal 
interface; in normal adult bladders, the reaction was 
delicate and less extensive. In chronic cystitis, Tn reactiv- 
ity was enhanced particularly around prominent capil- 
lary blood vessels. In flat in situ carcinomas, Tn staining 
was stronger and more extensive than in normal mucosa 
but was often less extensive than in some examples of 
cystitis. In TCC I and II, Tn immunoreactivity was 
strong and predominated in the pericapillary stroma of 
the papillae; in infiltrating TCC II, comparatively lim- 
ited Tn staining was noted. In deeply infiltrating grade 
III TCC with abundant stroma, Tn reaction was invari- 
ably strong and extensive, particularly around advancing 
tumor nests. The strongest Tn reactions were noted in 
invasive, high-grade TCC with abundant stroma. We 
conclude that in inflammatory-reactive processes, and 
in in situ carcinomas as well as in TCC, the extent and 
intensity of the Tn reaction correlates with the severity 
of the inflammatory infiltrate and with the extent of 
the stromal remodelling. 

Key words: Tenascin - Urinary bladder - Inflammation 
- Malakoplakia - Carcinomas 
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Introduction 

Tenascin (Tn) is a large extracellular matrix (ECM) pro- 
tein that has considerable structural homology with fi- 
bronectin, epidermal growth factor and fibrinogen 
(Jones etal. 1988; Siri etal. 1991). Early studies sug- 
gested that the distribution of Tn is temporally and topo- 
graphically limited. It was shown to be a marker for 
muscle and tendon morphogenesis (Chiquet and Fam- 
brough 1984) and to be involved in interactions during 
the development of tendon, muscle and bone (Mackie 
etal. 1987b), kidney (Aufderheide etal. 1987), teeth 
(TheslefT etal. 1987), gut (Aufderheide and Ekblom 
1988) and neural tissues (Crossin et al. 1986). Strong 
Tn reactions were shown in the stroma of breast carcino- 
mas while no reactions were noted in benign breast tu- 
mors or in the normal breast (Mackie et al 1987 b). Tn 
was shown to reemerge strongly during the healing of 
wounds in the epidermis and cornea (Chuong and Chen 
1991; Mackie etal. 1988; Tervo etal. 1989). Enhanced 
Tn staining was also noted underlying growing and pro- 
liferating epithelial cells (Tiitta et al. 1992; Vollmer et al. 

1990). v . „ . 

More recent studies have shown that the distribution 
of Tn is wider than originally envisaged, since it may 
be readily demonstrated, albeit at variable levels of ex- 
pression, in a wide range of normal tissues and in inflam- 
matory, reparative, immunorelated and neoplastic pro- 
cesses at many sites (for reviews, see Chiquet-Ehrismann 
1990; Gould et al. 1990, 1992; Koukoulis et al. 1991). 

Tn is readily detectable in the stroma of most carcino- 
mas but the extent and intensity of the reaction varies 
considerably (Koukoulis et al. 1991). Tumors with con- 
spicuous stroma, such as some carcinomas of the breast 
and lung, display rich Tn reactions while in most papil- 
lary carcinomas of the thyroid, ovary, kidney and am- 
pulla of Vater, and in some low-grade carcinoids, Tn 
staining is intense but limited to the scanty stroma of 
the papillary cores often associated with small vessels 
(Koukoulis et al. 1991). 
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Fig. 1. a Fetal bladder; 
tenascin (Tn) immunoreac- 
tivity appears as a ragged 
band at the epithelial-stro- 
mal interface. Unstained 
submucosal mesenchyme is 
seen between the epithelial- 
stromal interface and the 
strongly reactive muscular- 
is layer. Note brightly im- 
munostatned vessels in the 
mesenchyme, x 130. b 
Normal adult bladder 
showing convincing Tn re- 
activity at the epithelial- 
stromal interface. The 
lower portion of the sub- 
mucosa is weakly reactive, 
x 130. c Chronic cystitis 
displaying ragged stromal 
immunoreactivity. Most 
vessels and perivascular 
stroma are prominently 
stained while others are 
negative (arrow), x 130. d 
Flat in situ carcinoma; 
note the focally discontin- 
uous rim of Tn reaction . 
underlying the lesion; most 
of the vessels are strongly 
stained, x 130. e Flat in 
situ carcinoma; note 
strong and extensive Tn 
staining underneath the ep- 
ithelium, x 130. f Transi- 
tional cell carcinoma 
(TCC) I displaying con- 
vincing stromal Tn stain- 
ing not only in the delicate 
papillae but also in the 
submucosa. x 130. g TCC 
II revealing extensive stro- 
mal Tn reaction, x 130. h 
Invasive nests of TCC II 
showing delicate and in- 
complete Tn reactions 
around some neoplastic 
nests coexisting with more 
extensively stained areas, 
x 210. i Invasive TCC II 
displaying extensive stro- 
mal Tn immunoreactivity. 
x210. j Deeply invasive 
TCC III showing intense 
and extensive stromal Tn 
staining also involving the 
stromal vessels. x2l0 
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The urinary bladder offers an interesting model given 
that most of its carcinomas have papillary features al- 
though their grade of malignancy varies widely (Koss 
1975). We immunostained samples of fetal and normal 
adult bladder, as well as bladder exhibiting chronic cysti- 
tis, detrusor hypertrophy, malakoplakia, flat in situ car- 
cinoma, and papillary transitional cell carcinomas 
(TCC) grade I, II and III, with the monoclonal antibody 
(mAb) 143DB7 to Tn (Tiitta et al. 1992). We found that 
the extent and intensity of Tn expression correlated most 
closely with the cellular inflammatory response and the 
extent of stromal remodelling, and to a lesser extent 
with the degree of epithelial proliferation. 



' Materials and methods 

Tissue samples. Blocks of paraffin-embedded tissue were retrieved 
from the files of the Departments of Pathology, University of Hel- 
sinki, Finland, and Rush Medical College, Chicago, Illinois, USA. 
Samples of normal fetal (gestational age 16 weeks, n = 3) and nor- 
mal adult bladder («=2), and examples of cystitis (« = 4), malakop- 
lakia (n=2), flat in situ carcinomas (/i=4) and papillary TCC 
grades I («=5), II (/i-19) and III (n = \6) were obtained. Bladder 
samples showing detrusor hypertrophy (/i = 2) due to urethral atre- 
sia were obtained from mature stillborn babies. Sections were cut 
and stained with hematoxylin and eosin; the tumors were classified 
by widely accepted criteria (Koss 1975). 

Jmmunohistochemistry. Sections were cut at 6 urn, deparaffinized, 
pretreated with pepsin (Tiitta et ai. 1992), incubated with 3% hy- 
drogen peroxide to block endogenous peroxidase activity and 
washed in phosphate-buffered saline (PBS). They were then incu- 
bated with normal swine serum (diluted 1 : 10) at room temperature 
for 20 min. After washing in PBS, immunostaimng for Tn was 
performed with a modified ABC complex method (Hsu et al. 1981) 
applying the mAB 143DB7 (diluted 1 : 10) for 60 mm at room tem- 
perature (Tiitta et al. 1992). To visualize the antibody binding sites 
3-amino-9-ethylcarbazole (AEC) was used as a chromogen (Sigma, 
St. Louis, Mo.). Sections were briefly counterstained with Mayer's 
hematoxylin. 



In the fetal bladder, a continous, ragged and very in- 
tensely Tn immunoreactive band was noted at the epi- 
thelial-stromal interface; the muscle bundles of the mus- 
cularis also stained strongly while the loose submucosal 
mesenchyme was virtually negative (Fig. la). Submuco- 
sal vessels were also strongly reactive (Fig. 1 a). Samples 
of hypertrophied bladder secondary to congenital ure- 
thral atresia showed a limited subepithelial reactivity, 
although the submucosal layer was significantly widened 
(not shown). The normal adult bladder displayed a con- 
vincing Tn reaction at the epithelial-stromal interface; 
the reaction was as extensive, but generally weaker than 
in the fetal samples (Fig. 1 b). The upper portion of the 
submucosa was negative but the lower portion was 
weakly reactive for Tn. It was noted that a number of 
vessels displayed a focal Tn reaction while others were 
clearly negative (Fig. 1 b). 

Samples of bladder showing cystitis exhibited a con- 
tinuous and strong Tn reactivity at the epithelial-stromal 



interface; the reactions were ragged even in examples 
with a sparse inflammatory reaction, whereas in those 
exhibiting a dense lymphocytic infiltrate, the Tn reactivi- 
ty was far more extensive and also involved the promi- 
nent perivascular stroma (Fig. 1 c). Similar features were 
noted in examples with a thin or distinctly hyperplastic 
epithelium. Chronic cystitis associated with prostatic hy- 
perplasia and prostatitis showed strong Tn staining re- 
lated predominantly to the inflammatory infiltrates (not 
shown). In malakoplakia, uneven but distinct rims of 
Tn positivity were noted between the epithelium and 
the underlying plaque. Notably, in other regions in 
which the plaques included or were surrounded by prom- 
inent inflammatory infiltrates, strong and extensive Tn 
reactions were evident (not shown). 

Flat in situ carcinomas showed a wide range of subep- 
ithelial Tn reactions including weak, thin and discontin- 
uous rims, and extremely thick, ragged bands that were 
at times continous with the normally stained muscularis 
(Fig. 1 d, e). In these samples, the reactivity of the vessels 
varied considerably. 

Predominantly exophytic papillary TCC I and II dis- 
played consistent, albeit irregular, Tn reactions in the 
submucosa that extended into the stroma of the protrud- 
ing papillae (Fig. 1 f, g). Invasive TCC II showed variable 
rims of strong Tn reactivity ranging from delicate and 
incomplete to broad and extensive bands that sometimes 
included the stromal vessels (Fig. 1 h, i). In clearly inva- 
sive TCC III, invariably there was rich stromal staining 
for Tn that seemed to include all the vessels (Fig. 1 j). 



Discussion 

Initial investigations suggested that Tn was a significant 
ECM glycoprotein whose expression was chronologi- 
cally and topographically restricted, since it was most 
readily, if not exclusively, found in certain sites during 
embryogenesis (Chiquet-Ehrismann etal. 1986; Erick- 
son and Bourdon 1989), in some reparative processes 
(Mackie et al. 1988), and in certain malignant tumors 
(Chiquet-Ehrismann etal. 1986; Mackie etal. 1987b). 
In a recent study, no Tn was noted in the normal adult 
bladder (Natali etal. 1991). However, Tn has been re- 
ported recently, albeit at variable levels, in many normal 
adult tissues, inflammatory and hyperplastic processes, 
and in many benign as well as malignant neoplasms (for 
overviews see Howeedy etal. 1990; Koukoulis etal. 
1991; Natali etal. 1991). Our findings in the normal 
adult bladder were of a thin, yet continuous Tn immuno- 
reactive rim at the epithelial-stromal interface reminis- 
cent of that found around normal mammary ducts and 
acini (Gould etal. 1990; Howeedy etal. 1990) and in 
the cervix (Tiitta etal. 1992). Not surprisingly, in sam- 
ples of fetal bladder, the reactions were more extensive 
and stronger than in the adult, parallelling previous find- 
ings in the fetal breast (Howeedy et al. 1990). 

In examples of chronic cystitis, subepithelial Tn reac- 
tions were decidedly enhanced, appearing as strongly 
stained bands with ragged edges extending into the sub- 
mucosa. In examples showing a significant inflammatory 
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cell reaction, Tn staining was more extensive and intense 
than in those in which inflammation was sparse. These 
findings also parallel our recent observations in chronic 
cervicitis associated condylomatous lesions in which evi- 
dence of human papilloma virus infection was demon- 
strated (Tiitta et al. 1992). Enckson and Bourdon (1989) 
suggested that certain inflammatory cells may be respon- 
sible for activating Tn expression. Malakoplakia is a 
peculiar inflammatory lesion thought to be associated 
with chronic bacterial infection; it occurs in the urinary 
bladder but has also been described in other sites. It 
is of interest to note that the extent and intensity of 
Tn staining was more closely related to the inflammatory 
infiltrates within and around the plaques than with the 
plaques themselves. Strong Tn reactions have also been 
described in newly formed granulation tissue in experi- 
mentally induced skin wounds, but the reactions de- 
creased in extent and intensity as the scar matured 
(Chuong and Chen 1991; Mackie etal. 1988); similar 
observations have been made in actively inflammed com- 
pared with sclerotic septa in liver cirrhosis (van Eyken 
et al 1992), as well as in various forms of glomerulone- 
phritis (Gould et al. 1990; Koukoulis et al. 1991). Thus, 
the apparently paradoxical weak Tn reactions noted in 
the wide and fibrotic submucosa of bladders showing 
detrusor hypertrophy associated with congenital ure- 
thral obstruction may simply reflect the presence of rela- 
tively mature fibrous tissue lacking inflammatory intil- 
tr&tcs 

Flat in situ bladder carcinomas displayed for the most 
part strong and extensive Tn reactions. In general, ex- 
amples with severe dysplasia exhibited strong Tn reac- 
tions but rarely staining was delicate and comparatively 
weak These findings contrast somewhat with our own 
descriptions of strong and consistent Tn staining in vir- 
tually all instances of in situ carcinoma of breast irre- 
spective of the degree of dysplasia (Howeedy et al. 1990). 
On the other hand, in in situ cervical carcinoma, we 
did encounter examples with scanty Tn staining (Tntta 
et al 1992). Similarly, not all examples of endometrial 
hyperplasia showed uniform reactions (Vollmer et a . 
1990) In this context, it should be noted that not all 
flat in situ carcinomas evolve into high grade invasive 
tumors (Koss 1975). Thus, it is possible that the various 
Tn distribution patterns observed in different prolitera- 
tive and preneoplastic lesions may simply reflect uneven 
growth patterns. It should be mentioned that Tn se- 
quencing has revealed regional homologies with epider- 
mal growth factor (Jones etal. 1988; Sin et al. 1991), 
and that purified Tn stimulates the proliferation ol 
mammary carcinoma cells in vitro (Chiquet-Ehnsmann 
et al 1989). Conversely, the production of Tn by mesen- 
chymal cells appears to be regulated, partly at least by 
transforming growth factor beta (Pearson et al. 1988). 

In papillary, predominantly exophytic TCC grades 
I and II, the stroma of the protruding papillae displayed 
uniform and often strong Tn reactivity. However, m 
samples in which tumor invaded the underlying submu- 
cosa, Tn staining was comparatively limited and fre- 
quently weaker than that underlying flat in situ carcino- 
mas. This apparently paradoxical finding may reflect 



that the aggressive biological potential and subsequent 
invasiveness of many initially in situ lesions exteeds that 
of some other already invasive grade I and II tumors 

^Ina^the samples of invasive TCC grade III, Tn reac- 
tions were intense and extensive. The distribution of the 
staining was somewhat difficult to assess as the samples 
consisted mostly of small fragments. However, it was 
evident that deeply invasive areas, inferred from the 
presence of adjacent smooth muscle, displayed the stron- , 
sest staining whereas some superficial non-invasive foci I 
retaining a papillary architecture, showed only weak re- , 
actions. These discrepancies probably reflect different 
growth rates and similar findings have been reported 
in carcinomas of the breast (Howeedy et al. 1990) and 
endometrium (Vollmer et al. 1990). However, weak and 
limited Tn reactions should not be equated with a low 
tumor cell proliferation rate or a limited invasiveness 
since very limited Tn reactions have also been noted 
in highly aggressive neoplasms such as the small cell vari- 
ant of neuroendocrine lung carcinoma (Koukoulis et al. 
1991) In such tumors the weak Tn staining may be relat- 
ed to their poorly developed vascularity and scanty myo- 
fibroblast-poor stroma. These factors may be significant 
since, in epithelial neoplasms, endothelial cells and myo- 
fibroblasts appear to be the major site of Tn synthesis 
(Chiquet-Ehrismann etal. 1986; Ekblom and Aufder- 
heide 1989), although under certain conditions it has 
been suggested that embryonal, transformed and reac- 
tive, non-transformed epithelial cells may also produce 
Tn (Gould et al. 1992; Howeedy et al. 1990; Koch et al. 
1991 • Koukoulis et al. 1991 ; Prieto et al. 1990). 

In the examples of TCC examined here it was noted 
that low grade carcinomas tended to have comparatively 
scanty connective tissue stroma, whilst that of high grade 
tumors was markedly increased; moreover, tumors with 
scanty stroma had abundant vessels. Since, endothelial, 
smooth muscle and myofibroblastic cells are capable ot 
synthesizing Tn, it might be assumed that both low and 
high grade TCC would be associated with high levels 
of Tn expression. However, our findings in these : and 
other tumors (Koukoulis et al. 1991 ; Tntta et al 992) 
clearly indicate the opposite. It is also evident that ne - 
ther abundant connective tissue nor all Wood vessels 
are invariably Tn-immunoreactive. In healing wounds, 
Chuong et Chen (1991) and Luomanen and Virtanen 
(1993) noted that Tn was expressed in the walls of newly 
formed capillaries in granulation tissue. In this context 
our finding of a variable vascular reactivity suggests that 
Tn might be a marker of injured and/or proliferating 
vessels reflecting dynamic reparative processes (Gould 
et al 1992) 

Dvorak (1986) has suggested that tumor stroma un- 
dergoes a sequence of maturation events that are re- 
flected by variable cell populations and similar^ variable 
ECM components. Our findings, like those of Koukoulis 
et al. (1991) suggest that in tumors with abundant 
ma, Tn staining is strongest at the peripheral, expanding 
borders but is often less conspicuous in the center 
(Koukoulis etal. 1991). This concept is also ^strated 
by the consistently weak Tn reaction noted in mature 
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GlV K? HHer submuco^ myofibroblasts may be responst- 
*? £ mos S TsyntSsS, it can be suggested from our 
Nations tSat prominent Tn staining accompanies 
^aSy abundant and active inflammatory infil- 
comp arauyeiy a pro iif er ations, but is not 

I "Stthe degre'e of architectural distor- 

I tion or to tumor grade. 
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Descriptions for tenascin-C distribution are largely re- 
stricted to epithelial tumours. The present study utilized 
newly developed and characterized monoclonal (hT19*l) and 
polyclonal antibodies to investigate the distribution pattern 
of tenascin-C in a panel of mesenchymal tumours, which was 
contrasted with normal tissue. The specific antibodies recog- 
nized the distinctive star-like hexabrachion protein isolated 
from transformed cell-culture medium and serum from 
normal individuals- In normal tissues, a strong tenascin-U 
expression in the extracellular matrix was largely restricted 
to basement-membrane regions of epithelium and tonsilar 
sinusoids, pericellularly within smooth-muscle bundles, asso- 
ciated with perimysial, -chondrial, -neurial and -tendon sur- 
faces, and diffusely within vascular adventitia. It was found in 
the corresponding tumours of the neural sheath (schwan- 
noma) and smooth muscle (leiomyosarcoma), and was abun- 
dantly present around certain blood vessels of mesenchymal 
tumours. Although not detected in normal muscle, or in 
adipose or fibrous connective tissue, neo -ex press ion of tenas- 
cin-C was shown in more than half of the rhabdomyosarco- 
mas, fibromas and liposarcomas, with an increased positive 
percentage in variably malignant myxoid liposarcomas com- 
pared with lipoma-like sarcomas. Tenascin-C was typically 
found in the extracellular matrix of soft-tissue tumours, but 
was notably absent from the epithelial-cell components of 
mixed epithelial/mesenchymal tumours. Its apparently en- 
hanced expression in soft-tissue tumours differs from that of 
most other large extracellular-matrix proteins, suggesting 
possible functional involvement of the cell-adhesion mol- 
ecule, tenascin-C, in the neoplastic phenotype. /nt. /. Cancer 
72:217-224,1997. 
© 1997 Wiley- Liss, Inc. 

Tenascin-C (Tn) is an extracellular-matrix protein known to be 
expressed in the foetus, in regenerative adult tissues and in certain 
tumours. The various components of the extracellular matrix 
provide a substratum facilitating cellular adhesion and migration. 
This matrix is particularly prominent in mesenchymal tumours and 
is markedly altered in' its composition when compared with 
non-neoplastic tissues. The matrix components fibronectin, colla- 
gens types I and 11, certain proteoglycans, and the basement- 
membrane proteins collagen type IV and laminin tend to decrease 
during tumour development. It is not clear whether Tn is up- or 
down-regulated in mesenchymal tumour development. Sarcomas 
may exhibit high degrees of anaplasia and malignancy, and few 
useful immunohistochemical tumour markers of malignancy have 
been developed. Therefore, an objective of the present study was to 
contrast Tn-distribution in soft-tissue tumours with observations 
made in tumours of epithelial origin, for which Tn has been 
proposed as a marker (Mackie et al , 1 987). 

Tenascin-C (Tn) was the first member of the tenascin family 
(tcnascin-C. -R and -X) to be discovered. It is a prominent 
extracellular-matrix (ECM) component which is also present in 
body fluids but not on cell surfaces. Tn is a large (1.15 to 
1.6 X 10 6 ) Da glycoprotein (Vaughan etal, 1987), consisting of 6 
identical sub-units connected amino-terminally by disulfide bridges. 
Each sub-unit of human Tn consists of repetitive epidermal-growth- 
factor-like (14 V4X), fibronectin-type-111 homologous (8 to 16X) 
and fibrinogen-like (lx) domains; the number of respective 
domains characteristic for the individual sub-units (Gulcher et al.. 



1989- Nies et al, 1991). A single gene exists, which undergoes 
alternative splicing in the fibronectin-type-111 homologous region, 
leading to the formation of at least 8 different human Tn-isoforms. 
Mechanisms regulating the splicing are based on development, 
pathological conditions and micro-environmental pH changes 
(Kaplony et al, 1991; Borsi et al, 1996). The smallest isoform 
consists of the conserved region common to all isoiorms. The clear 
distinction between the large- and the small-molecular-weight 
isoforms allowed us to raise and screen antibodies recognizing the 
entire panel of the different forms of human Tn. 

Abundant literature documents the anti-adhesive nature of Tn in 
cell-culture systems, which manifests as potent inhibition of the 
prototypic cell-adhesion molecule fibronectin (Spring et al, 1989; 
Deryugina and Bourdon, 1996). Paradoxically, cell adhesion may 
also be promoted by Tn (Borsi et al, 1992). The balance of cell 
adhesion and detachment together probably determine the migra- 
tory activity of cells. Mice with a disrupted non-functional Tn gene 
have been shown to develop normally (Saga et al, 1992), so 
demonstrating apparent functional redundancy of Tn, although it is 
abundantly present during embryogenesis (Kaplony et al, 1991). It 
is still unclear how Tn functions in adult tissues (Mackie et al, 
1987; Natali et al, 1991) in particular with regard to pathophysi- 
ologic conditions. Since cell cultures of certain tumours were 
shown to secrete abundant Tn, particularly upon stimulation with 
tumour growth modifier TGFp (Deryugina and Bourdon, 1996), 
the role in vivo was investigated by studying the expression in 
tissues from a representative selection of patients with mesenchy- 
mal tumours (n = 273)..Tn immunostaining was found in all 
tumour types examined. Neo-expression was specifically shown in 
neoplasms derived from the normally immunonegative adipocytes, 
fibroblasts and skeletal myocytes. 

MATERIAL AND METHODS 

Materials 

U25 1 MG is a permanent tumour cell line derived from a human 
glioblastoma. Murine monoclonal antibody (MAb) CIV22 to 
collagen type IV, and the anti-mouse immunoglobulin conjugated 
with alkaline phosphatase were from TAGO (Burlingame. CA). 
Peroxidase-, alkali ne-phosphatase- and rhodamme- label led immu- 
noglobulins were obtained from Dakopatts (Glostrup, Denmark). 
Chromatography material was from Pharmacia (Uppsala, Sweden). 
Soft-tissue tumour material from patients was collected in 4%(v/v) 
formalin solution at the Pathology Institute of the University 
Hospital of Zurich, Switzerland, between 1977 and 1989. Normal 
human tissues were collected up to 10 hr post-mortem, and fresh 
normal marmoset (Callithrix jacchus) material was either fixed in 
4% formalin or snap-frozen in liquid nitrogen. Serum and plasma 
were received from donors of the Swiss Red Cross, Zurich, 
Switzerland. 
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lmmunogen: isolation of tenascin-C by gel filtration 
and anion-exchange chromatography 

Human tenascin-C was isolated from medium of U251 MG cell 
culture, a conditioned Dulbecco's modified Eagle's medium contain- 
ing 1% FCS and the proteinase inhibitors 1 mM phenyl-methyl- 
sulfonyl-flouride(PMSF), 5 mM ethylene-diamino-tetraacetic acid 
(EDTA), 2 mM N ethyl maleimide (NEM), 1 mM pepstatin and 
0.02% (w/v) sodium azide. Conditioned medium was freed from 
fibronectin by passage over a gelatin Sepharose 2B affinity column, 
which retains fibronectin, and was supplemented to 0.2 M ammo- 
nium bicarbonate at pH 8.3. This was concentrated 20-fold by 
ultrafiltration in an Amicon chamber using YW-100 filters with a 
cut-off of 100-kDa proteins (Licagon, Tageiswangen, Switzerland) 
or concentrated by precipitation in a 37% ammonium-sulfate 
solution (22. 1 g/100 ml is 37%of a saturated solution) for 30 mm at 
room temperature. After centrifiigation for 20 min at 20,000 g at 
room temperature, the supernatant was dialysed against 0.2 M 
ammonium-bicarbonate, pH 8.3/0.02% Triton X-100. Up to 20 ml 
was loaded onto a 1.2 X 120 cm sephacryl S-500 gel filtration 
column and filtered at 17 to 20 ml/hr flow rate. The size- 
fractionated tcnascin-C-enriched buffer was subsequently dialysed 
against 50 mM Tris-bufTer, pH 8.3, and applied to a DEAE- 
Fractogel 650-M ion-exchange column (Merck, Darmstadt, Ger- 
many) The bound material was then eluted with a NaCl gradient 
from 0.05 to 2 M. Tenascin-C eluted at 0.25 M NaCl and its 
concentration was calculated using an extinction coefficient of 
A 280nm 1%, 1 cm = 0.97. 
Production and purification of antibodies 

BALB/c mice were immunized, each with 5 ug/500 ul human 
tenascin-C purified from conditioned medium of U251 MG cell 
culture. Harvested spleen cells were fused with the murine 
mveloma cell line X63-Ag.853 and cells producing tenascin-C 
antibodies were selected, using an enzyme-linked immunosorbent 
assay (ELISA), immunoblot technique, and the unique cryocut 
immunofluorescence pattern in tonsil. No cross-reactivity with the 
homologous proteins fibronectin, fibrinogen on epidermal growth 
factor was found (data not shown). Large-scale production of 
antibodies was performed in an "OpticeH" bioreactor system 
(Charles River Digitana, Horgen, Switzerland) followed by precipi- 
tation in a 16% (w/v) sodium -sulphate solution and affinity 
purification by a Sepharose 6B column coupled with protein G. 

Polyclonal antiserum was obtained from New Zealand white 
rabbits immunized with 20 ug/400 ul human tenascin-C per rabbit. 
Antibodies were affinity-purified over a column of human tenas- 
cin-C coupled to Sepharose 4B and selected as the MAbs. 

Purification of tenascin-C from blood by immunoaffinity 
chromatography and electron-microscopic analysis 

Plasma was obtained by anti-coagulation of blood with 0.129 M 
citrate or EDTA (0.5-2 mg/ml) and/or heparin (0.2 mg/ml). Large 
amounts of serum or plasma (>200 ml) were first concentrated up 
to 20-fold by salt precipitation in a 37% ammonium-sulfate 
solution (22.1 g/100 ml) for 30 min at room temperature, to remove 
albumin. After centrifiigation for 20 min at 20,000 g at room 
temperature, the tenascin-C-containing supernatant was dialysed 
overnight against PBS, pH 7.4. Tenascin-C solution was applied to 
Sepharose 4B coupled with the hTl9l MAb (2 mg/ml matrix 
material). Non-specifically bound retarded material was eluted 
with phosphate-buffered pH 7.4, 0.5 M NaCl solution PBS, pH 7.4, 
0.2% (v/v) Triton X-100 solution. After a column wash with 0.5 M 
NaCl the bound protein was eluted with 0.1 M triethylarninc-HCl- 
buffered, pH 1 1.5, 150 mM NaCl solution. Purity was assessed by 
gel electrophoresis. 

Rotary shadowing followed by electron microscopy analysis was 
carried out as described by Vaughan et al. (1987), using a 
shadowing angle of 6 to 8°. The curvilinear arm-lengths of 
tenascin-C on the micrographs were measured from the "T- 
junction" joining the 2 trimers to the center of the distal fibnnogen- 
homologous knob (n = 120), using a digitizer plate (IB AS system 



XETAL. 

from Kontron, Zurich, Switzerland). For visualization of antigen- 
antibody complexes, tenascin-C and hTI91 were incubated for 30 
min at room temperature in an equimolar ratio in a 0.2 M 
ammonium-bicarbonate solution, pH 8.0, and the complexes were 
rotary-shadowed. 

Immunofluorescence and immunohistochemistry 

Sections (6 um) of frozen human and marmoset tissue, were 
fixed in acetone for 10 min. A 10-min pre-incubation in 2% (w/v) 
milk powder/20 mM Tris-buffered 150 mM saline (TBS) blocking 
buffer, pH 7.4, was followed by incubation with 5 ug/ml monoclo- 
nal or polyclonal tenascin-C antibodies for 1 hr at room tempera- 
ture. After washing in blocking buffer, goat anti-mouse IgG or pig 
anti-rabbit IgG, both conjugated with rhodamine and human IgG 
adsorbed, was overlaid on the tissue section for 30 min in a dark 
humidified chamber. Sections were embedded in Mowiol (Hoechst, 
Zurich, Switzerland). Identical staining was found for human and 
marmoset tissues, employing antibodies to human tenascin-C. 

Formalin-fixed, paraffin-embedded tissue was cut at 5 urn, 
de-paraffinized in increasing ethanol series, air-dried and pre- 
treated with 0.1% (w/v) pronase for 15 min at 37°C to unmask 
antigens. The slices were then incubated for 1 hr at room 
temperature with 5 ug/ml polyclonal tenascin-C antibodies, fol- 
lowed by goat anti-rabbit IgG, labelled with alkaline phosphatase, 
and visualized by the New Fuchsin colour staining method. 

Double immunostaining was performed on the same section, 
after initial neutralization of endogenous peroxidase in a 0.07% 
(v/v) hydrogen-peroxide solution. The MAb to collagen type IV 
(CIV22-hybridoma medium) and polyclonal tenascin-C antibodies 
were incubated simultaneously for 1 hr at room temperature. After 
washing, sections were first incubated with goat anti-mouse IgG 
labelled with alkaline phosphatase, followed by pig anti-rabbit IgG 
complexed with peroxidase according to the instructions of the 
manufacturer (ABC kit from DAKO). Colour reaction of phospha- 
tase was executed as described above, and peroxidase staining was 
executed for 15 min in 0.05 M Tris-buffered/HCI solution, pH 7.5, 
with 0.06% (w/v) diamino-benzidine and 0.07% (v/v) hydrogen 
peroxide. Subsequently, slices were counterstained with filtered 
eosin-haematoxylin for 10 min in tepid water and embedded in 
aqueous Kaiser's gelatin solution. 

RESULTS 

Development ofhuman-tenascin-C-specific antibodies 

Monoclonal and polyclonal antibodies raised against tenascin-C 
(Tn) from glioma cells were prepared and selected for recognition 
of all Tn-antigenic forms. Antigen-binding was confirmed with 
rotary-shadowing electron microscopy and immunoblotting. The 
polyclonal and monoclonal antibodies hT191, hT58, hT63 exclu- 
sively recognized the typical human tenascin-C forms (195-265 
kDa). Other members of the tenascin family, such as tenascin-R 
(160 kDa) and tenascin-X (500 kDa) were not recognized (data not 
shown). The rotary-shadowing technique demonstrated the hexa- 
meric structure of the purified antigen from glioma-cell -culture 
medium: 2 trimers joining to make up the star-like hexabrachion 
(Fig. la). An identical oligomeric hexabrachion structure for serum 
Tn isolated by immunoaffinity chromatography with the hT191 
MAb was visualized ultrastructurally (Fig. \b). A single trimer is 
shown on the projection to the right No self-association of 
Tn-molecules was detected. Visualization of binding of the arrow- 
head-shaped hT19l MAb to glioma Tn revealed the epitope lying 
at a distance of 43 ± 3 nm from the central terminus of each arm, 
accounting for an entire length of 2 populations at 82^5 ± 4 or 
96 5 ± 4 nm. According to an accepted structural model for human 
Tn (Nies etal, 1991), the epitope of hTl91 lies on all isoforms (in 
the conserved 4.-5. type-Ill fibronectin-like domains). This was 
confirmed by immunoblots (data not shown), using recombinant 
human Tn-fragments (provided by Dr. H. Erickson, Duke Univer- 
sity Medical Center, Durham, NC). These monoclonal and poly- 
clonal antibodies, which recognize and bind identical Tn-epitopes 



TENASC1N-C IN SOFT-TISSUE TUMOURS 



219 



a) 




iOOnm 



SS epidK and the distal-fibrinogen-homologous knob. Scale bar, 100 nm. 



with high affinity, were subsequently used to demonstrate expres- 
sion of Tn in normal and neoplastic tissues. 

For control staining, incubation of the developed antibodies and 
a commercially available (purchased from Biokit Oy, Helsinki, 
Finland) in parallel showed an overlapping Tn-distribution pattern 
on normal tonsil (data not shown). Predominant stromal staining 
was also detected on human mammary-tumour sections (data not 
shown), consistent with Tn immunopositivity described in rat 
mammary tumours (Mackie et ai, 1987). 
Tenascin-C distribution in normal and neoplastic tissues 

Results shown in Table I were obtained from a wide variety of 
normal tissues by immunofluorescence microscopy for Tn. Tn- 
specific immunofluorescence in human and the marmoset (C 
jacchus) tissues was found to be equivalent, therefore marmoset 
tissues were used to confirm staining in cases where tissue 
preservation rendered staining weak in human tissues. The marmo- 
set distribution pattern is documented for bone marrow, spleen, 
lymph node and kidney. Thorough examination of the distribution 
pattern in normal tissues permitted an examination of the altered 
pattern of Tn distribution in corresponding tumour tissues. Statis- 



tics for Tn immunopositivity in various types of soft-tissue tumours 
are given in Table II. Polyclonal anti-Tn antibody was exclusively 
employed for tumours (collected between 1977-1989), since it 
provided more consistent reactivity with formalin-fixed, paraffin- 
embedded material. 

A direct comparison of the staining pattern of Tn in normal adult 
tissues and soft-tissue tumours is shown in Figure 2 {b-e) in the left 
and right fields respectively. The 2 parts of Figure 2a compare 
normal epithelium in tonsil with the epithelial component in 
biphasic soft-tissue tumours. Figure If represents the comparison 
between a blood vessel in normal and tumour tissue in the left and 
right fields respectively. 

The distribution pattern of Tn in tonsilar epithelium is broad, 
being more extensive than the basement membrane in the epithelial 
extracellular matrix (Fig. la). Tn is not an integral component of 
the basement membrane (currently marked by anticollagen-type-I V 
staining in red), confirming results of immunoelectron microscopy 
(Liehtner et al> 1989). Its staining extends into the mesenchymal 
tissue of the sub-epithelial region. Epithetia of normal adult tissue 
is consistently immunonegative forTn. In tumours with co-existing 
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SCHNYDER tsTAL 
TABLE I - TENASCIN-C LOCALIZATION IN NORMAL TISSUES 



Organs/tissues: 



Epithelial 

basement- Smooth 
membrane muscle 
region __ 



Other positive 
structures 



Vasculature 

thoracic aorta 

artery, vein 

capillary 
Bone marrow 
Skin 1 and 

sweat, sebaceous glands 

hair follicle 
Other stratified epithelia 2 
Parotid, salivary' 
Thyroid 
Adrenal 
Lung 
Intestine 
Colon 
Ileum 
Kidney 

Prostate (urethra) 

Testis 

Uterus 

Tonsil 

Lymph node 
Spleen 
Thymus 
Striated muscle 
Tendon 
Fascia 
Cartilage 
Nervous tissues 



4* 


+ 


+ 


+ 


+ 


• 


• 


• 


+/- 


• 


+/- 


• 


+ 


• 


+/- 


• 


+/- 


• 


+/- 


• 


(cortex) 


• 


+ 


+ 


+/- 


+ 


+/" 


+ 


• 


+ 


• 


• 


+ 


+ 


+ 


• 


+ 


+ 


+ 


• 


• 


• 


• 


• 


+ 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 


• 



adventitia 
adventitia 

stroma, blood sinusoids 

(dermal adipose tissue is negative) 



medulla, capsule 
alveolar septa, bronchus 



Peyer's patch 

glomerular mesangium, Bowman's capsule, 
(tubules are negative) 



sinusoidal walls of T areas 

sinusoidal walls of T areas 

sinusoidal walls of T areas, capsule, trabecular 

sinusoidal walls of T areas 

perimysium, (muscle cells are negative) 

tendon, myotendinous junction 

fibers 

perichondrium 

peripheral nerve: perk endoneurium 
spinal cord: glial cells 



Summary of human tenascin-C distribution in adult human and marmoset tissues. + indicates that 
tenScVas immunologically detected in mesenchymal -derived locations such as smooth-muscle 
Ses or co^nmive tissue and at the boundary, structure (basement nenta) to |teiunojn^ 
epithelium and to glands. +/- represents a discontinuous signal delineating epithelial basemen 
SsMAteW hT58, hT63 were employed on frozen tissue sections and poyclonal 
SS n^aSbodics on paraffin-embedded and frozen sections. 'Kcrrtm^ 
The marmoset distribution pattern is documented for bone marrow, spleen, lymph node and kidney. 



mesenchymal and epithelial components, such as the Diphasic 
synovial sarcoma (Fig. 2a, right) and epithelioid sarcoma, the 
epithelial component is either negative or weakly positive when 
bordering immunopositive stroma. The sarcomatous (mesenchy- 
mal) areas of these tumours were frequently immunopositive. This 
pattern was also seen in mesothelioma. One third of Tn-positive 
mesothelioma also expressed a weak intracellular Tn immunoposi- 
tivity. With the exception of the epithelial intracellular staining in 
mesothelioma, Tn was consistently shown to localize only to the 
extracellular matrix of the mixed epithelial-mesenchymal tumours. 

Adipocytes in normal tissues did not stain with the Tn antibod- 
ies whereas liposarcomas were immunopositive (Fig. 2b). The 
figure is representative for liposarcomas with a clear though 
moderate degree of immunopositivity in the extracellular matrix 
and a micropattern confined to blood vessels. Of the lipoma-like 
sarcomas, 25% were positive, and variably malignant myxoid 
tumours contained Tn in 60% of the examined cases. 

Skeletal muscle myofibers contained no stainable Tn. Neo- 
expression of Tn was, however, evident in the extracellular matrix 
of rhabdomyosarcoma (Fig. 2c). Of the examined rhabdomyosarco- 
mas, 50% were immunopositive forTn. 

Fibroblasts of the loose connective tissue of dermal corium only 
expressed Tn in dermal fibrumas. Staining in such tumours was 
present focally along collagen fibers (Fig. 2d). As summarized in 
Table II, malignant transformation of the fibroblasts led to in- 
creased frequency of positive cases. Tn positivity was found in 
50% (incidence) of examined fibroma, and in 100 and 93 /o ot 
tested dermatofibrosarcoma and fibrosarcoma cases respectively 



TABLE II - TENASCTN-C IMMUNOPOSITIVE CASES 



Tumour type 



Fibroma 
Fibromatosis 
Dermatofibrosarcoma 
Fibrosarcoma 

Malignant fibrous histiocytoma 

Melanoma 

Neurinoma 

Schwannoma 

Leiomyoma 

Leiomyosarcoma 

Synovial sarcoma 

Mesothelioma 

epithelioid sarcoma 

Liposarcoma 

lipoma-like 

myxoid 
Rhabdomyosarcoma 



Number 


Positive 
t%) 


20 


50 


35 


60 


14 


100 


15 


93 


22 


50' 


13 


92 


19 


94 


17 


94 


18 


94 


16 


80' 


19 


69' 


20 


70 1 


9 


100 


22 


50' 


7 


25 


11 


60 


15 


53 



Summary of human tenascin-C expression in soft-tissue tumours. 
Tumours were from different patients. Numbers in body of table reter 
to percentage (%) of tumours with immunoreactmty using the 
polyclonal anti-tenascin-C antibody. Qualitative analysis of the stain- 
ing such as continous or focal patterns or degrees of staining intensity, 
are not shown in this table. Frequency data refer exclusively to the 
presence or absence of non-blood-vessel -associated tenascin-C immu- 
nopositivity. 'Tumour types with reactivity in the cytoplasm of tumour 
cells. 
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(Table II). The relative increase from fibroma to malignant fibrous 
tumours was 100% for fibrosarcomas (Table II). Expression was 
also seen in 60% of fibromatosis cases. The distribution pattern in 
fibro- and dermato-fibrosarcoma (not shown) is similar to the Tn 
pattern shown for consistently positive regions of rhabdomyosar- 
coma and schwannoma in Fig. 2b, c. 

A clear cell association of Tn was seen in normal perimysium 
(Fig. 2c) and in perineurium (Fig. 2e). As expected 94% of the 
corresponding soft-tissue tumours, the nerve-sheath-denved neuri- 
noma and the schwannoma, contained Tn. lmmunopositivity was 
occasionally seen as fingerprint-like whorls,, with sharp demarca- 
tion of Tn-positive and -negative tumour regions (Fig. 2e). 

Blood vessels of all sizes in normal tissues exhibited peculiarly 
strong Tn expression. Although immunopositive areas completely 
surrounded vessels sectioned transversely, the vessel walls sec- 
tioned longitudinally were often stained in a discontinuous fashion 
(arrows in Fig. 2/). A vascular-associated micropattern of Tn 
expression was occasionally detected in soft-tissue tumours. In the 
schwannoma, Tn immunopositivity extended in an arboreal man- 
ner from blood vessel walls into surrounding tissue (Fig. If). In 
individual leiomyomas, leiomyosarcomas and rhabdomyosarco- 
mas, the distribution was exclusively restricted to perivascular 
tissues Focally more prominent perivascular labelling was seen in 
certain fibrosarcomas. The irregular, peri vascularly located Tn does 
not appear to be associated with basement membranes surrounding 
the tumorous blood vessels (data not shown). 

Apart from the blood vessels, the smooth muscle in the 
sub-mucosa of colon (Fig. 2f) shows strong Tn immunopositivity 
between and around single smooth-muscle cells, localized to the 
region where the cellular basement membrane is present. Smooth- 
muscle cells were confirmed as such by intracellular staining with 
alpha-smooth-muscle-actin antibody (not shown). Leiomyomas 
and leiomyosarcomas were Tn-immunopositive in 94% and 80/oot 
cases respectively. 



DISCUSSION 

The presently developed antibodies raised to glioma-cell- 
culture-Tn enabled us to purify human tissue- and serum-Tn to 
homogeneity and therefore to project it on electron-microscopic 
pictures. These identified 2 brachion populations on ultrastructural 
analysis. The differences in length would account for a difference 
of at least 4 fibronectin-type-IIi extra domains, assuming 3.2 nm 
per domain (Kaplony et ai, 1991). These variations suggest 
alternative splicing of the 2 antigen sub-populations, reflected by 
separation on polyacrylamide gels (data not shown) and confirmed 
byGulchereffl/. (1989). 

Consistent broad staining of epithelial basement-membrane 
regions was obtained utilizing antibodies able to identify the 2 
populations of alternatively spliced Tn isoforms. Basement- 
membrane-associated Tn was found in all organs investigated. 
These results confirm earlier published work on human Tn 
distribution (Natali et ai, 1990, 1991; Lightner et ai, 1989). Tn 
was clearly stained in sebaceous-gland, ductus and acini and 
adrenal and thyroid-gland tissues, where conflicting results have 
been reported. In addition, Tn was found in uterus and testis. Natali 
el al (1990, 1991) did not detect Tn in sebaceous glands, uterus, 



testis or in the sinusoids of the thymus. The anti-Tn MAb BC-2 
used in their studies was specific for the extra domain consisting of 
at least 4 fibronectin-type-III-like motifs in the larger isoforms, and 
therefore failed to establish the presence or absence of the smaller 
isoforms in tissues. In the present study, the smaller Tn isoforms 
were isolated from the tonsil (195 kDa; data not shown) in order to 
confirm that the antibodies used in immunohistochemical analysis 
could detect epitopes both on larger and on smaller Tn molecules. 
The ability to recognize all isoforms led to the identification of Tn 
in the sinusoidal wall of the secondary lymphatic organs, thymus 
and tonsil. Tn was detected in all mesenchymal tissues of the 
normal adult in association with blood vessels, in contrast to the 
present assumption that expression is normally limited to certain 
organs in the adult and the foetus (Mackie et ai, 1987). 

Tumour tissue and cell lines have been reported to contain 
predominantly the larger Tn isoforms (Borsi et aL 1992, 1996; 
Hauptmann et ai, 1995), unlike many normal tissues. Published Tn 
staining with antibodies recognizing various Tn isoforms in solid 
tumours and glioma was therefore collectively compared with 
findings in the soft-tissue tumours. 

Tn was shown to be particularly prominent around blood vessels 
of glioma; especially those staining negatively for fibronectin. 
Conversely, it was not found where blood-vessel-associated fibro- 
nectin was expressed (Higuchi et ai, 1993), where Tn probably 
replaced the function of fibronectin, possibly indicating a certain 
redundancy in function between the 2 proteins. We have found 
(Schnyder et ai, 1996; and data not shown) that Tn and fibronectin 
were optimal matrix sub-layers for vascular endothelial-cell adhe- 
sion and activation when compared with the structural protein, 
collagen type I. Expression of the fibronectin- and Tn-binding 
integrin, ot v p3, of vascular endothelial cells has been shown to 
correlate with neo-vascularization in tumours, and neutralizing 
antibodies to a v (3 3 have been shown to inhibit metastasis formation 
in vivo (Friedlander et ai, 1995; Prieto et ai, 1993). A role for 
tenascin-facilitated tumour neo-vascularization may therefore ex- 
ist, given the presently demonstrated marked up-regulation in 
mesenchymal tumours. 

Tn provides a potentially useful tool for investigating the 
biology of soft-tissue tumours, since it was neo-expressed in 
fibroma, rhabdomyosarcoma and liposarcoma. Moreover, Tn expres- 
sion was greater in variably malignant myxoid liposarcoma than in 
the lipoma-like liposarcoma and, similarly, demonstrated height- 
ened expression in presently examined dermatofibrosarcoma and 
fibrosarcoma than in fibroma. Studies examining the role ol Tn in 
neoplasia have hitherto been restricted to carcinomas. In the 
present study, only limited expression of Tn by malignant epithelial 
cells was seen, in contrast to that of mesenchymal cells. Tn 
expression was shown to be absent around single epithelial-tumour 
cells, being largely restricted to accompanying stroma (Mackie et 
al 1 987). A related pattern was shown for the biphasic, epithelioid- 
mesenchymal mesothelioma in the present study. That epithelioid 
cells display a generally more matrix-degradative phenotype than 
their mesenchymal counterparts (Marshal et ai, 1993) is consistent 
with the occasional intracellular staining and absence of pericellu- 
lar staining of epithelial cells for Tn in the epithelial component of 
mesothelioma examined in the present study. In contrast, de novo 
production and secretion of Tn by mesenchymal tumour cells was 
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utilize MAb hT19l. All other tissue-sections were torm^in-fixed p^^n^mi^dc ^^'^^uaSJmC (brown) and collagen type-lV 

Uendon. Ordinal magnification X250 (a. 4 x 100). Figure appears on pages 222 and 223. 



SCHNYDER ETAL 

Normal Softtissue tumours 




Figure 2 



TENASCIN-C IN SOFT-TISSUE TUMOURS 

Normal Soft-tissue tumours 



223 




Figure 2 



224 



SCHNYDER ET AL. 



considered likely, due to its abundance within, around and in close 
association with mesenchymal-tumour cells. 

In other studies, Tn was not associated with negative prognostic 
factors such as metastasis with invasion of blood vessels or tumour 
necrosis. Tn expression was, however, markedly increased m 
invasive carcinomas when compared with adenoma or fibrocystic 
diseases (Moch et at., 1993; Sasano et a!., 1993). Involvement of 
the neo-expressed cell-adhesion protein in the expression of the 
malignant phenotype is also suggested in the present study, given 
the clear tendency to increased Tn expression in malignant tumours 
derived from adipocytes and skeletal -muscle cells. Consistent with 
a role for Tn in the malignant cell phenotype is the presence of 
elevated levels of Tn in the circulation of patients with neoplastic 
disease (Schenk et aL, 1995; Riedl et aL, 1995; and data not 
shown). Taking blood-level measurements as a screening tool, 
preliminary data showed coincidence of Tn-presence in implanted 
tumours with the elevated level in blood circulation in a nude- 
mouse model (data not shown). The diagnostic utility of Tn- 



expression after chemotherapeutical treatment of brain tumours 
was recently investigated with [ m I]-labelled anti-Tn MAbs (Brown 
etal, 1996). 

Our demonstration of high-level expression of Tn diffusely in the 
matrix and around the vasculature of mesenchymal tumours 
supports the hypothesis that increased expression of the cell- 
adhesion molecule Tn by tumour cells is associated with neo- 
vascularization and thus may facilitate tumour growth. 
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